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The Prevention of Excessive Lift Forces on
Guided Missiles

by

J.J. Gait, M.A,, B,Sc., A.Inst.P., A.M.I.E.E,

and
D.W. Allen

SUMMARY

In order to prevent the development of destructive or excessive
1ift forces during the flight of a guided missile it is generally
necessary to limit the total 1ift on the missile by some form of auto-
matic control action., It may also be necessary or advantageous similarly
to limit the control surface lifts of the missile.

Methods of obtaining overriding limiting actions whioch, within
bounds. function independently of missile altitude, velocity and static
margin are proposed and oritically examined. These methods depend on
feedback to the ocontrol surfaces, via suitable threshold circuits, of
the outputs of lateral and angular accelerometers suitably situated within
the missile,

It is conoluded that such an approach to the limiting problem
gives a technique whereby the contrvl surface lift foroe and the total
1ift foree on the missile may be separately or jointly oconstrained
within. the given design limits for these foroes,
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1 Introduction

1.1 The 1lift rroblem

It is essential that the method of control adopted for- a gulded
weapon should not make excessive demands on the strustural strength of
the missile. In general terms we assume that the structural strength
of the missile may be defined in terms of the maximum tolerable values
of wing 1ift, ocontrol surface 1lift and total 1ift. The control system
should therefore be such that at no time does it call for excessive values
of these quantities. One approach to this problem is to design the
ocontrol system to function cffectively on the assumption that the system
is unhindered by structural strength considerations and then to impose
overriding constraints or limits such that the safe lift values cannot be
exceeded. These limits must be independent of missile altitude, missile
velocity etc. and they should be such that the fullest use can be made
of the lifts or accelerations avajlable, that is, there should be a
sharp cut-off action whenever the 1lift or acceleration concerned reaches
the specified safe maximum, '

The primary object of this report is to develop and discuss certain
methods whereby the desired limiting may be obtained for a particular
tyre of missile. A secondary ctjective has been to investigate certain
of the penalties of such limiting action on the performance of the
missile,

1.2 The type of missile considered

The majority cf guided missiles at present being developed for
ground or ship-to-air and air-to-air operation have fixed cruciferm wings
and rear cruciform control surfaces in line with the wings. The usual
design is such that the body-wing combination in the absence of the rear
oontrol surfaces is neutrally stable. Scme ?f‘ the essential steps in
the design of such a missile are as follows.(1)., The 1ift due to unit
sideslip velocity (Yv) is first fixed from considerations of the maximum
lateral acceleration required and the permissible maximum wing incildence.
The yawing moment due to sideslip (), which determines the frequency of
the weathercock motion of the missile is chosen ty the selection of the
manoeuvre margin; this choice usually being made at the expected average
altitude of the missile, The yawing moment due to unit oontrol surface
defleotion (N;) determines the surface defleotion necessary to rroduce a
given angular acceleration and steady state lateral acceleration., It is
desirable that the demands on the control surface actuators should be kept
small, By designing for a body-wing combination which is neutrally
stable the control surface incidence in a steady turn is very small and
the average value is therefore small, As a consequence of the neutrally
stable body wing design we have

-UN, =N, (1 - %¢/2a)

where U is the forward velocity of the missile and a’:/ da is the downwash
factor (frequently assumed to be %).

In the steady state the lateral aoceleration of such a missile is a
funoction of the oontrol surface deflection = being proportional to the
defleotion if nonlinear downwash effects on the oontrol surfaces are
ignored. If the demand for control surface defleotion is limited and the
weathercock mode of motion is critically damped by suitable control action
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(e.g. feedback of rate of yaw) then the maximum achieved aocelcration is
rroportional to the maximum control surface deflection 2). This however
does not provide a good mcthod of limiting the acccleration to a predeter-
mined valuc since the proportionality factor between control surface
defleotion and asoeleration is a funetion of altitude, velocity, centre
of gravity and centre of pressurc positions etc. so that changes in these
quantities may either cause the final acccleration to be in excess of the
design limit or less than the design limit - the firat leading to self
destruction and the seocond to incfficient use of the missile, The problem
to be tackled here is as follows, Can the oontrol surface motion be modi~
fied by control astion so as to limit the acceleration and hence the lift
to a level which is independent of the aerodynamic parameters?

Also, while the average nnd stecady state control surface lifts with
the above missilc design are small, the peak oontrol surface 1lifts
(cspecially at low altitudes) are li.able to be so large that they mresent
struotural design difficulties, Two of the issues discussed in this
report are (1) Can these peak control surface lifts be reduced by suit-
able control action without deterioration of the overall performance of
the system? and (2) If so does this indicate that a smaller control
surface can be used?

1.3 The general scheme of attack

In erder to develor methods of limiting which arc inderendent of
the aerodynamic parametcers ete, it scems essential that the methods hinge
upon some direct measuremcnt of the quantity to te limited, While strain
guage methods cte. may be used it is felt that at present the difficulties
of applying such teohniques in guided weapons is very great and for the
tresent attention should be concentrated on the use of such instruments
as lateral accelerometers, angular nccelerometers and gyros which are
either already developed or should be available in the near future, It
is assumed here that mcasures of lateral acceleration and angular accelera-
tion oan be obtained within the missile. The actual measuring instruments
are not discussed although the genernl effects of instrument time lags
are studied,

Lateral aocelerometers situated at the C of G of the missile provide
measures of the ocomponents of the total 1ift force acting on the missile
whil2 1lateral accelerometers situated at a certain point ahead of the
C of G rrovide measures of the oomponcnts of the body and wing 1ift forces
only, Also for a missile with a neutraily stable body-wing combination
angular acoelerometers provide measures of the control swface moments,

We may assume constant moment arms and control surface arecas so that the
angular acceleration components are proportional to the control swrface
moments, 1lifts and incidences,

Given that the 1ift forces to be limited can be measured in this
way the obvious attack on the problem is to feed signals proportional to
these quantities back to the control surfaces in such a way as to prevent
the ocowrrence of excessive 1lift forces. 8Since we wish the missile to be
unhindered unless it is at or near a condition of dangerous 1lift we
arrange that the feedbacks are only effective if and when the measures
of the 1lifts reach predetcrmined levels, It should be noted at this point
that therec is no attempt to produce a system in which the 1ift forces are
mroportional to the input demand signal but an attempt is made to override
the method of control (whatever it may be, linear or otherwise) whenever
dangerous 1ift forces are approached, It is belleved that the quality of
measurement of the accelerations or 1lifts would have to be an order better
in any "1ift foroe demand system” than it has to be for pure "overriding
oontrol" as uscd here. For example, the measwring instruments need only

-1 -
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be accurate at the oritioal feedback level and questiors of good iinear:lty
of response do not arise, Also the quantities to be measured for over-
riding control are large, e.g. 10g. . .

There are a number of possible alternative techniques by which the
feedback loops may operate and the bulk of this report is concerned with
detailed analysis of suoh feedback loops. For example the feedback signals,
af'ter passing through threshold systems which will only permit the feed-
backs to take place if the signals are in excess of specified values,
may either be added into the normal control channels or may be usged to
monitor diodes which are clipping signals in the normal control channels.
Studies of such nonlinear feedback systems are greatly assisted by the
use of simulators or analogue computors and nt all stages of the work
such use has been made freely to extend, verify and illustrate the theoreti-
oal approaches., The simulator usced for this work has been described in
detail elsewhere (Refs, (2) and (3)) und no account of it is given in i
this report. The renl v:lue of a1 simulator lles in the fact that it can A
be used for analysis of nenlinear systems in cases where theoretical
solutions to the protlems ar~ not practical. It is good practice to
ottain simulator solutions for : number of cases where the theoretical
solutions are rendily obtained since in this way the operation of the
simulator may te checked and confidence inerensed in those simulntor
results for which no direct theoretical check is possible., Throughout
the report a numbcr of such cross checks between theory and simulator are
given,

i
%
|
v

When nonlinear feedback systems, such as those proposed, are
aprlicd to a missile 2 host of protblems arise, Do the feedbacks achieve
their desired otjective? What are the stnbility conditions? How do the
feedbacks affect the aerodynamic response i.e.the weathercock motion of
the missile? How sensitive is the systeh to parameter variations? Can
total 1lift and control surface 1lift limits be successfully aprlied at
one and the same time? What are the relative advantages and disadvantages
of different feedtack technigues ete, ~tc.? An attempt is made to present
the methods and the answers to the major problems, such as those above, in
logicnl sequence,

1.4 Illustrations, Examples, ete,

In all the numerical and simulator work, the valucs of the aero-
dynamic derivatives ete. -aprropriate to a particular typical missile have
been assumed, :

SRR TN

W e

Since the simulator used was specifically designed for besm riding
investigations it was possible to check at many stages Just how the limit-
ing systems (designed on the basic of arbitrary input oontrol signals)
were affeoting the performance of a typionl beam riding system, All sec-
tions in which beam riding is being specifically discussed are marked *

80 that the reader not intcrested in this partiocular application may omit
such sections,

i
2
%
3

If the methods of limiting discussed here are adopted for any
existing misgile oontrol system then it may well be that they will have
repercussions on the design of that oontrol system, The impact of the
limiting methods on the design of beam riding system tested is not dis-
oussed and the work is restrioted to discussions on how the limiting
methods affect the performance of thc beam rider with its existing oontrol
system, .
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2 The Basic Equations and Properties of the Missile

Before proceeding to a study of the proposed limiting systems the
relevant equations for and the characteristics of the type of missile to
which the limiting is to be applied are first discussed.

Since the missile is symmetrioal and may be assumed to be roll
stabilised its motion may be ananlysed in terms of its motion in one plane
only; consider this plane to be the yaw plane,

2.1 The equations of motion

The basic equations of motion of the missile, as normally assumed
Refs. (1), (2), (3) are

n

mh, = Yy.v + Yp.r + Yz.% (Force Equation)
Cf = Nyuv + N v+ Ny & (Moment Equation) | (1)
together with the relationship

h =v+0Ur | J

In these equations the variables are

Z, the oontrol surface angle wr,t, the missile longitudinal
axis

r, the rotational velocity (= ¥, where ¥ is the heading angle)
v, the sideslip v-~locity
hp_,thc disrlacement of the C of G of the missile from a datum line

while m, C and U are the mass, moment of inertia and forward velocity
respectively,

Yy, Yy, Yz and Ny, Nn, Ny are the aerodynamic force and moment
derivatives, assumed oonstant.

Throughout the report W/m, /m, Y&/m and "W/, Yr/c, z/c are
contracted to yy, ¥, Yr and n,, n, and Nye

Terms of the form (nvyg- yvn;) are of frequent ooccurrence. and these
terms have been oontracted as follows

Tvyg = WYz T Wi
Xyr = NyVp = ¥p
Xz = P TPV
2,2 The test missile
For the purposes of numerical and simulator work a test missile
is assumed. This missile may be broadly classed as of the R,T.V.2 type

and considered to have the aerodynamic parameteru of Table I when
operating at its maximum altitude,

-16 -
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TABLE I

Test Missile

Yy =-1 sec™!
yp = 2.4 ft sec
¥y, = 870 £t sec™2
Z ; "
-1 -
n, = /15 1t7 see
n, = -1 s‘*c_l'
n, = =200 sec™?
l -3
P U = 1500 rt sec”
C/m= 25 ££2
, giving
: x‘;r = 32“’ 't sa‘c-}
i )wé‘f -146,6 St.'t'.!m3
-2
= =D, 5 St
M‘ :)- -ll# sec

2,3 The response cf the missile to its control surfaces

If equations (1) are solved for the transfer functions /%, “/%
and F2hp/Z we obtain

Py + X,
§= & 3 4 = fr(l'-‘) say %
Yy - Un, + x H
gt o) " (2)
i
2 2 :
P°h_ DYy + Xy + Ux, ! :
_Z_g I 4 23 : . f(p) " ! 3
where
Q=12 + pl=yynp) + Un + x_ (3)
- r 1
and Q lon ;.—; 0 is the characteristic equation ()
2
of the weathercock motion of the missile,
SECRET
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"4 In the steady state equations (2) give

x .
C L n |
- = s k say
4 Ung, + X, r
e S (5)
Un, + X v }
, !
7 o+ % - M :
v rv .

The expression for Q given in equation (3) may be vritten in the
form

Q=p2+2uwp+m2 (6)

where w/2'. is the undamred weathercock frequency and u is the damping
ratio,

2.4 The eontrel surface incldence

The oontrol surface incidence 'zs denoted by B, where £y is deter-
mined ty the followirg consideration(1),

The wind incidence will vary along the length of the missile
because of the rotation of the longitudinal axis, If the incidence at the
C of G, which is situated at a distance {g rear of the nose, is taken as
- V/U then the incidence at any point at a distance ¢ rear of the nose
is

“Eo(e-g)} 7

This variation of incidence with rate of yaw is small and may be

neglected. The local incidence is however changed by the presence of

the body and 1ifting surfaces upstream. The downwash effect from the

nose is negligible, that from the wings onto the control surfaces is
appreciable and that from the wings and control surfaces onto the tail

cone can be neglected in view of the unimportance of 1ift on this cone, - .
It is assumed that the change in incidence at the control surface is
proportional to the incidence on the wing surface, This assumption

ignores the time lapse between the deflection of the airstream by the L}
wings and the downwash reaching the control swfacea Thus if the

incidence in the regions of nose, wings and tail is denoted by @ and the
incidence on the ocontrol surface is denoted by ag we have

"“*‘*-—»..‘

a.—.-"/\r (8)
R aR=a--g§.a (9)
- 18 -
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where %i' is the dowrwash faotor, assumed to be equal to 0,5,

If the oontrol surface is deflected through an angle & with respect

tc the body then the incidence on the control swurface is
' Br = + GR

or E!‘ = & +Q < - %E) (10)

2,5 The equations of motion in terms of control surface incidence

(a) Force Equaticn,

If we sutstitute from (10) in the force equation (1) we get

r Y
. N Z _ae
who =Y o+ (1 -—aa)jv+Yrr+Y§Br (1)

This equation enables the varlous somronents of the total lift to
be identified

mh is the total 1ift, identificd by T

Y, N
erv + -t:z (1 - g;\ _I'f is the 1ift on the wings and body due to
- \ ) sideslip, identified by W

Y..r is ke 1if¢ on th missile due %o its rotalional motion,
identiried by <«

Y, 8 is the 1175 cn tho contrel surface, identified by R

Z'r ,

Thus
T=7+R+4 (12)

Now & is normally a small fraction of 7 and may be neglected so
that '

Cre wen (13)
(b) Moment Equation,
If we substitute from (10) in the moment equation (1) we get

N -
] 3
Cr=rnv+-6§<1--5§>‘]v+Nr.r+N€ Br (13)

—

This equation shows the moments corresponding to the lifts
defined above,

The basic missile design is such that the body=wing combination is
neutrally stable (in the sense that there is no moment on the body-wing
combination due to sideslip). Thus the basic design is such that

va-?%( ~%§)= o (15)
-19 =
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2.6 The relationship between control surface incidence and angular
aoceleration

The oontrol surface incidence B, is given by

ﬁr =% - %( - %&) of. eqn, (10) |
but !
Yy - Un, + x
v 4 (4 Zr
> = of, eqn.(5)
: 3
so that

2 ey Yy * ,
g P*p (.yv—nr) +U"v"xz'v“< “3a AP .I-?+-l;!-n(>

e
Z A
-
= £(p) say L (16)
Now
2 -p2n + X v P - ‘
L;t =i rf (p) = F (F) say of, eqn.(2)
Thus
2 3 Yr X
5;- E +p (—yv-nr)¢Unv+xw-< -.6% p-l—?+-02-n;)
- 7 (17)
P ¥ P ng+ X, P

This relationship between control surface incidence and angular
acceleration will hold irrespective of any local feedbacks (of angular
rate, lateral acceleration etc,) used to modify the missile weathercock :
characteristics, It forms the basis of the control surface 1lift limit- :
ing system to be discuss~d.

If the body-wing combination is neutrally stable then from
equation (15) we have

: . '
. de
V562 o .
T e F () -0 (18) '
so that ;
2 oe\ Y, e\ X f
B, P +p(""”'v"nx')"l’(""55>'t'1§”‘w'( 'ﬁ)-uk .
7" 3 (19) I
Py P ong + Xy P |
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2,7 Departures from the neutral stability condition

The condition for neutral stability of the body-wing ocombination
defined in equation (15) is a critiocal relationship and departures from
it give rise to difficulties in the limiting methods to be discussed,
Such departures will arise as the result of changes in the 1lift coeffi-
cients or as a result of changes in the moment arms, The centre of
preasure of the body-wing combination is believed to be fixed in position.
The centre of pressure of the control surfaces may vary, and while this
will change the static margin of the oomplete missile it will not
disturb the neutral statbility of the body-wving combination. If the
centre of gravity of the missile moves (due to fuel consumption) then
the moment arms for both the wing 1ift and control surface lift will
change, Since the percentage change in wing arm will be much greater
than that for the control surface arm thc centre of gravity shift may be
interpreted as a change in Ny with no corresponding change in Ny, In
order to study the effeccts of departures from the neutral stability
oondition it is therefore assumed that the force coefficients are
oonstant but that N, is changing and this is physically attributed to
a shift in the centre of gravity due to fuel consumption,

Taking N, as given by Ny = - Yy (static margin) we see that if
the centre of gravity of the missile moves forward through a distance
H £t then the new value of Ny say Ny' is given by

N'=¥ -Y H : (20)

The limiting systems discussed are tested for sensitivity to
departures from the neutral stability condition by determining what
departure of H from zero can te tolerated.

It is convenient to note at this point the direct effects of a .
varying centre of gravity position on the general missile characteristics.
Such variations will result in variations in the weathercock frequency
and damping, the aerodynamic stiffness and the steady state control
surface incidence,

(a) The Effect of centre of gravity shifts on the Weathercock Mode

Int>rpreting the C of G shift as a change from Ny to Ny we have
from equation (3) the following approximate relationships for the
corresponding frequencies (f, and fJ) and damping ratios (u, and ug).

]
G N )
fo K,
and L (21)
! N
fe_.JJ'L |
Y% N, -
-2] =
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Table II shows the order of these changes for the test missile,

TABLE II
H inches é +9 l +6 l +3 |0 ] -3 l £ -9
' i ! ; ‘
o/f'o i 1.20 l1.1h 11.07 I1 0.92 0,8, |0.74
U . .
Yofu, 1 0.83 !0-83 10,93 |1 1,08 1,20 |1.35

(v) The Effect of centre of gravity shifts on the Aerodynamic

Stiffness

From equation (5) the steady state lateral acceleration per unit
control surface angle (the aerodynamic stiffness) is given by

2
P hP va&
= Un; T X kh

v

- 2
P°h ’
Table III shows the variations in ;I,as a function of H for
the test missile,

TAELE Il
| H inches 412 29 | 46 43 } 0 | -3 | -6 j-9 !-12 |
| 2 ! ! ' | : | ;
| PP & 1559 070 lo.e2 11,00 | 1.21 [1.50 [1.92 |2.55 {3.68 | ’
| T % deg | P b Lo oot * * . . t ;

(c) The Effect of C of G Shifts on the Stcady State Control Surface {
Lifts H

From equation (16) the oontrol surface incidence B, as a function
of control surface deflection Z is given by

y x .
5, a1 o o)
+4 p +p (-yv-nr) +Unv +x§v +

and in the steady state this becomes

R O G

Uhv * X

(22a)

- 22 -
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Un_ + Y.+ (1 - --) n
. v DL,
Table IV shows how the steady state value of Bz'/é: varies with H
. for the test missile,
TABLE IV
| R inches +9 +6 | 43 0 | -3 [ =6 | =9
! B/ 0.315 | 0,237 ,{ 0.138 | 0,010 |-o.163 '-o.uoe ‘-0.785
i H . |
Thus for a constant control surface deflection the missile exeoutes @

a steady turn in which the steady state control surface incidence is
determined by the C of G position,

2,8 The effects of altitude and velocity variations

In assessing the cffects of air pressure variation with altitude i
and the effects of varying velocity on the performance of the missile we
let pand O denote the ratio of actual velocity and air pressure to the
values at the standard design condition, If dashed symbols are used to
denote the values of parameters at other than the standard design condi-
tion then as an aprroximate guide to the gross variation of the parameters
with pand o we may use

B e =

Ut =pv¥
’ and : -
y' = T By, ny' =T un, !
yv' =0y nv' = oay (23)
Vp' = Ty ne! = o,

These appreximations, while not being of wide general application,
are realistic for the tyre of missile considered here, (i.e. missiles
with static margins large compared with any shifts in the centre of
pressure),

R T

The effects of altitude and vclocity variations on the steady state
1ift forces are of interest.

If the steady state values of T, W, !)Z and ? are denoted by T4, Wy,
and

Ry and R, respectively then equations (11 12) show that ;
. Bl B9 -] ?
R (9] [ w

-23 -
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Inspection of the order of magnitudes of the above terms for the
test missile shows that

(1)  Megleoting the term %/u x?—:"/ﬂxvz in the expression for wﬂ/’l‘,

introduces at most a 1% error. Thus ws/'l‘s is constant (to within 13) ’
irrespective of altitude and missile velocity.

~(2)  If the body-wing combination is neutrally stable then RS/T,5
is at most Z‘é of Ys/Tg. If the body-wing combination is not neutrally
stable then Rs/Tg when it can no longer be neglected in oomparison with
Ws/’l‘s is such that it is independent of missile altitude and velooity.

(3) /15 1is at most 25 of ¥s/Ts.

Thus we assume that "s/Tg and Ra/Ty are independent of missile
altitude and velocity and that

TS = '.’n's + RS T (25)

Ws/‘I‘s and Rs/‘l‘s are however derendent on the degree of stability
of the body-wing combination, e.,g. they are dependent on H, the shift in
the C of G position of the missile,

2.9 JModification of the weatherececk characteristics of the missile:

There are a number of reasons for modifying the natural weathercock
motion of the missile, For cxamrle, the natural damping ratio of the
missile is low @sually of thc order of 0.1 to 9,2) and for the purpose of
imposing some restraint on the maximum lateral acccleration of the missile
it is desirable that the damring ratic be near to unity. (This point is .
discussed in detail later,) The damping is normally controlled by negative
fecdback of angular vcloeity from a ratc gyro, Also it may te desirable
to havec some control over the weathercock frequeney = in general to
inerease it by n-gative: feedback of lateral acceleration from an accelero-
meter, although in certain circumstances it may be advantageous to decrease
it by positive fecdback of laterid noccleration. Ncgative feedback from
either gyro or accelerometer or both tends to reduce the effects of non-
linecarities in tht responsc of the missile,

If the componernt of control surface deflection demanded by the local
control feedbacks is denoted by &y then

%:brﬁfﬁp : (26)

where b and f determine the feedback gains of the angular velocity and
lateral acceleration respectively.

If Z; denotes the component of control surface deflection demanded
by the missile guidance system and Ly denotes the total oontrol surface .
defleotion demand then

=%+ a (27) ’

If the lag of the control surfnce actuator is neglected we may put

i &= (28)

-2 -
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In seotion 2,3 the transfer functions ¥/%, VA and pzhg:l were
obtained, Using equations (29 and (27) the transfer functiohs */%;, Vg,
pzkl, may now be determined., These are identical with those given by
eq ti%ns (2) except that the expression

Q=pl+p ('-yv-nr) +Un, +x, of, eqn, (3)
or p2+2u wp +u?

beocomes

Q= 2 (1~ Y£) +p (-yy =n, =bny + £, ) +Un ex o +bx, +Ufxy,
or (1 -y;f) (p2 +2 u @ p +w: ] (29)

so that in response to the guldance system the weathercock characteristics
of the missile w and u have been changed to @, and u, by the angular velocity
and lateral acceleration feedbacks.

For the test missile w = 10 rad/scc (i.e. undamped frequency = 1,59
c.p.s.) and u = 0.1, ‘Vhen we wish to consider a typrical modified missile
we assume the modifications are those suitable for a beam riding system,
For example in Refs, (2) and.(3) thc response of the tcst missile (used
as a beam rider) has been modified so as to increase the damping ratio to
unity while holding the undamped frequency constant, i,e. uy =1, Wy = @ =10,
The feedback constants required for this are

b
f

0.09 rad per rad/sec
(30)

-6.3 x 1075 rad per ft/scc?

In this case the required acceleration feedback is very small but it has
been retained in all the work for the sake of completeness,

In the prescnce of such fecdbacks the steady state values of Ep, r,

v etc, per unit of &; depend on the feedback gains, If negative feed-
back is employed then the greater the feedback gain the smaller the steady
state values of h , r, v eto. per unit of &;. It should be noted however
that the order of feedback gains required to modify the test missile to
the desired characteristics are small and the change in steady state values
per unit of &g differ by only a few percent from those per unit of & ,

This may be established by noting that the transfer function

b (xv{-» n;p) -f (PZY; "‘P";{ ’vaL) (31)

2 —y = .
pe4p (y,=n.) +Un +x_

becomes

(b+ryu)
%-1 -fﬁf-—:;:'— (32)

v

in the steady state and this is approximately unity for the test missile
and the specified feedback gains, This fact leads to a useful simplifice-
tion. For the purposes of approximate calculations the steady atate values
of i, , r, v eto, for the test missile may be taken as those given by the

mmfiﬁ.ed and not the modified missile.
-25 =
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It is convenient at this point to note the general form that the
weathercock characteristic expression Q assumes for certain other feed-
back combinations considered later,

If the control equation is
{D=Z;G¢br+fﬁp+x'v. (33)

where K'%7 represents feedback from an angular aoccelerometer then Q
becomes

% = P2 (1-i‘y(Kn;) +p (-yv-nr-bng-x"x;r+Kx§v)+Un v ey O U Xy (34)

2.10* The test beam rider

At various stages in the analysis of the limiting methods the
application of these methods to a typical beam riding system is discussed,
(In peragraphs marked *), This beam riding system is os‘ ? Ey?e which
has reccived much study in Guided Veapons Department, (1
weathercock motion of the missile is modified by the process outlined

above so that the wenthercock motion is critically damped and its frequency
is intermediatc between the other major frequencies of the missile motion,

namely, the frequency of the roll stabllisntion system and the frequency
of the weave motion resulting from the beam riding control. The choice
of modified weathercock frequensy is also influenced by the fact that
other things being equal the higher this frequcnoy the greater the ease
of stabilising the beam riding oontrol loop.

Ideally th~ guidance component of control surface motion &, consists

of the beam riding error distance plus the rate of change of this error
distance, i.e. in operational form

% =G (1 +p To)(hp - hB) : ’ (35)
where

hp is the missile position relative to a fixed datum
hB " " radar beam " " " the game datum
To is a time constant

and G is a oonstant determining the stiffness of control,

The rate of change of error is however normally derived in an
approximate manner by an eleotrical network so that

7 1+p'1'
%= Ot ety (B - hy) (36)

where N is a constant of the order of 1/20,

The complete equation for the oontrol surface defleotion demand is
therefore

(4+pT

:D.cm(n '_hB)+'br+!-'§p 37
- % -
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If we consider the tcst missile as the beam rider then typiocal
values of the parameters in this equation are:- ’

b = 0,09 rad per rad/sec 3
f = =6,3 x 105 rud por ft/sec? J

giving as in Seotion 2,9 a modified undamped weathercock frequency of
1,59 o,p s, with A damping ratio of unity,
G = 0,746 10”3 rad rt~!
To = 0.91 sec ' . : (38)
N =1/20

The effects of the various limiting systems on this test beam
rider are studied mainly in terms of the characteristics of the various
modes of motion and on the beam riding response to step displacements of
the radar beam.

If the radar beam, which the missile is attempting to ride, is
auto-following a target then for various reasons there is a pronounced
noise or "jitter" motion superimrosed on the steady motion of the radar
beam, This in turn means that the guidance information passed to the
missile control systum has a proncunced noise component. If the control
system were linear then this noise would simply result in a dispersion in
the miss distance agninst the target. Any nonlinearities in the control
system, such as the limiting systems to be disousscd, may result in
rectification cf the noise and conscquently introduce a bias as well as
a disypersion into th¢ miss distance ngninst ths target. - It is important
therefore that the limiting systoms te tested in the presence of radar
team jitter to cnsurc that they nre not unduly affecting the overall
performance of the missile regarded as ~ weapon,

"Jitter" is discusscd in Ref,1, und in Ref.2 a method of simulating
it and measuring the miss distances obtained with the test missile is
given, For a representative radar set the radar beam jitter at 30,000 yds
range is of the order of 63 ft R,M.S, Jitter of this order of magnitude
and with n frequency spectrum aprropriate to the typical radar set (the
Naval 901 Radar Set) has been uscd in tests on the limiting systems.

3 Limitation of Total Lift
3.1 Failings of thec present method . _

One method at mresent in use for the limitation of the total 1lift
on the missile is simply that of limiting the guidance ocomponent (Cc) of
the control surface demand signal.

If the lateral aaceleration and rate of yaw feedbacks are arranged
to give critical damping at a desired frequency then there is no overshoot
of aoceleration beyond the steady state value, Thus if the aerodynamic
derivatives are constant and the weathercock mode is critically damped
then limitation of the ocontrol surface demand signal (Zg) effectively
limits the aooeleration; the limiting noceleration (and hence the total
limiting 1ift force) being proportional to the limiting value of the
oontrol surface demand signal fic).

This condition cannot be attained in flight because the aerodynamic
derivatives are not oconstant, Consequently for a fixed control surface

demand 1imit the limiting acceleration can vary over a wide range -
leading either to destruction or inefficient use of the missile,
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Consider for example changes in thc static margin of the missile
due to fuel consumption, Table IIT on page 22 shows that for the test
missile a static margin change of +9" will cause a 58% redwotion in the
maximum acceleration and a static margin change of -9" a 210% increase
in maximum acceleration,

3.2 Proposals for the limitation of the total lift

In order to develop a method of limiting the total 1ift to a value
which is indcpendent of nerodynanic parameters it seems essential that
the method be bnsed on some meesurement of the 1lift occurring, followed
by appropriate feedback of the 1ift signal to control the maximum 1ift.
The 1lift forees are rondily mcasured by an aocclerometer and the immediately
following sections consist of n study of various teohniques of acceleration
feedback aimed at obtaining an offective total 1ift limiting system.

Simple acceleration fcedback is first discussed and then the advan-
tages of using an acceleromcter displacecd from the centre of gravity of the
missile are brought out. The attonuating action ef dirrct fecdback on the
1lift is then converted into a limiting nction by passing the feedback
signals through a threshold system. An improved system has been developed
in which the accelcration is fedback through a threghold system and then
used to mcnitor the level at which diode limiters limit the control surface
demand signal, These system$ have becn tested over a range of values of
H, the change in static margin,

3.3 Fcedback from a lateral Ace: lercmeter

3.31 The «offuct of dircet ncceleration feedback on the response
of th. missile

The general effects of direct acceleration fecedtack may bte derived
from n study of the behaviour of the modified missile when the accelera-
tion fecdback gain is varicd.

From equation (29) we have for the modified rdssile the characteris-
tic expression for the weathcrcock motion

<, = r (1 ~yyf) +p (=y, =n ~Tn +fx, ) +Un ex +bx, +U fx,

Clecoarly the eff'cet of the scceleration is eritically dependent on
the value of Yy ir f‘y; > 1,

It is .of‘ interest to consider tvo cnses:-

(a) the test missile with the normal values of ¥y ond ny and

(b}  the test missile with yy = O but ny unaltered. This is a hypothetical
case but provides an interesting comparison with cases (considered later)

of feedback from accelerometers situnted away from the C of G of the
missile, .

We assume n fixed valuc for the angular velocity feedback constant

b, say the value 0,09 sec zs used earlier to give critieal damping w%th
a lateral acceleration feedback constant £ = =6,3, 1072 rad ft~1 sec?,

Qm may be written as (1=yyf){p%+2 u, 4 p+«w?] indicating an
undamped modified weathercock frequency of 2% and a damping ratio uy.
If u >1, Qn may be written as (1= yzf) p+@y J(p+ay) indicating an exponential
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weathercock response with time constant 1/ay, and 1/a,, (ay = o, if

;‘,m = 1), Regarding the pair @, and ay as funoctions of the acceleration
eedback oconstant f we may indicate any change of branch in these funotions

by further subsoriptse.g, Rz and a, .,

Table V gives the values of Wy, uy or the pairs (e,,a,) er (as,a)
as funotions of f for case (a) above,

TAELE V

Case (a). Yy and ny normal

;.

3

kK
P
3
4
¥
X
E
4
H
i

f wm W, a, i a2 a3 ah
rads £t~ sec*? | sec™! J sec=! sec™! |sec™)| sec™?
=0, D051 5 g( 2
-0, 0005 | '0,20 | 14,2
-0, 0002 f 1470 12,5 |
=0,20M ! v 8,25 10.3
0 1.6 ro.om |
0, 2001 12,1 0,895 ! ,
0. 0002 13,7 | 0.&3 |
0, 0005 19,3 {0,857 !
0, 00046 21.8 16,875 |
c.om ! ; 22 . 76,0
0,501 ! ! 20,5 156
0,7325 | ! i Change of mode
0, 0143 ! ! . 22,75 ;—11{7
Table VI gives the corresponding dnta for Cuse (b).
TAELE V1
Cagse (b). Hypotheticrl Case, ¥y = 0, ny normal
£ . Yy, 4 1%
rads ft~1 sec=? [ sec™? sec™! | gec™!
-0, 0002 j ‘ 3,60 |16.3
~0, 0001 ! ‘ 6.72 13.2
o 112,9 | 0,918
0, 0005 16,4 0.620
0, 001 17.8 | 0.575
0, 002 26,8 0,391
0, 004 i 36,0 0, 306
0.01 1 55,7 0,222
0,02 '8.2 | 0,189 ! |

Pigure 1 shows the root pattern of Table V in graphical form.,
From this diagram it is olear that there is a limited range of £ (O to
0,0008 rads ft=1 sec*?) for which u, is aprroximately unity while @,

2
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inoreascs from 10 to 25 sec™! , 1., in this range f is a frequenoy control .
and it is as such that it is normally uscd in modifying the weathercock
characterigtics of missiles, Outsidv this range of f however the system
rapidly goes unstable develoging negative real roots for < «0,000515
and £> 0,00125 rads £t~ sec?,

. |
Figure 2 shows the corresponding root pattern for Table VI , Here :

the pattern is very much simpler and for positive values of £ (4.e. |
negative fecdback, Wy, incrcases indefinitely tut uy tends to zero as f %
increases). ;
|

t

The noceleration response of the missile to a step in &g, the
control surface demand signnl, is of the form shewn in Figure 3(a).
There is an initial "kick” duc to the suddenly applied control surface
1ift (the yz.-ef'f‘ect) followed ultimntely by a steady statc aoceleration

which is oppositc in sign to the initial kick of ncceleration. ,

The magnitude of the initial acceleration kick is given by

h y
2.5 :

and therefore it increnscs ns f is increansed from zero,

The mngnitude of thce steady stnte acceleration is given by

Ux.
T

'S
T T w, (b T wy (40)

and this decrenses ngs f is increased from zero,

Using the test missile as an examplc Figure 3(b) shows the magni-
tude of the kick, Figurc 4 the stendy state acceleration and Figure 5
the ratio of (kick)/(steady stnte) acceleration, Also shown on Figure 4
are somc simulator results which indicente the degree of agreement between
theory and simul~tor and nct as a check on the operation of thc simulator,

In the casc of the hypothetical missile of Cnse (b) with yyz = O,
ny normnl, there is no acceleration kick. :

3.32 Fecdbnck from n displaced accelerometer

In the previous seotion the effects of lateral aocccleration fecd-
back on the response of the missile were considered, Since the aocelera= .
tion kick and the steady state acceleration are of opposite signs any
system using n high level of ncceleration feedback in order to attenuate
(or 1imit) the steady statc accelerntion will result.in accentunted accele- v
ration kicks nd this is very undesirable.

The difficulties over the acceleration kick and the stability of
the system may be overcome as follows. The results of the previous
section arc based on feedbneok of lnteral acceleration i.e, feedback from ’ {
an accelerometer situnted nt the centre of gravity of the missile, If -
however the accelerometer is not nt the C of G but is suitably displaced
from it then the undesirable yy~c¢ffects may be removed, In effect the
accelerometer is situated so tﬁt it does not register the acceleration
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due to the oontrol surface 1ift. The feedback is then as though yz =
_although the forward channel still has thé normal yy terms. Since the
oontrol surface 1lift ooccurs at a point at a fixed dfatanoe behind the

C of G there is a corresponding point shead of the C of G at which the .
angular acceleration of the missile contributes a lateral acceleration
component which is equal and opposite to the lateral acoceleration due
to the control surface 1ift, Thus the output of a lateral aocelercmeter
at this point ahead of the C of G corresponds to that measured at the

C of G of a hypothetical missile in whioch Yz = 0 but ny is unaltered
(i.e. Case (b{pot‘ previous section),

For an aoccelerometer situated d feet ahead of the C of G of the .
missile the accelerometer output is

h +df or n' + ay X
ash ¢ : (1)

Now from equations (2) and (3) we have the transfer functions

2 2 _
PThy, Py ¢ xp P - Uxy,
7= Q

P!‘ ﬁ n(r vp |

where $ = p2 + p (-yv- nr) + va;’
Thus the transfer function for the accelerometer output is

2
P (ygrdng) ep (xg -dxy,) - Ury,
) - (20'2)

B

and the troublesome coefficient of p in the numerator may be removed
by having

y Y, N
d = - =L B 4 ( = 4 £t for the test missile) (13)
ny m e
This gives
‘ Y
p (x, + % x, ) + Ux
a_ I~ Ny vg
3 2 (n)
8o that pr‘oviding
y
x& + n'ﬁg sz and va;
-3 -
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are of the same sign as will be the casc with missiles of the type B
oonsidered, then the output of the accelerometer is always of the sign '
appropriate to the steady state value and if used in a feedback loop it
can consistently -give negative feedback.

Pigure 6 shows simulator records for the output of an aocelerometer.
as a function of its distance ahead of the C of G of the missile. = The

acceleration kick is seen to decrease in amplitude and then change sign
as the distance shead of the C of G increanses, '

For d = = Y&/ny, the initial acceleration kick of the missile is
given by )

2
rh_ y

T 4 -
AR BN EF TR (u5)

which is independent of the amount of fecdback (f), while the steady
state acceleration is given ty

2 -
r'h va?;
ZE = Un =X _~(b+ tU) Tz (46)

which is independent of the rosition (d) of the accelerometer,

With a displaced accelerometer the control equation becomes
;D=z;c.bur(ﬁp+d$) (&7)

Reference to the weathercock characteristic expression Qp given
in equation (34) of Seotion 2,9 shows that in this case the weathercock
characteristic cxpression may te written as

S = (1 - fy§" dm;;) *P("yv =n, ’bng 'fng- ’df*zv) +Un, +x ’bx{v ’fo(v
(48)

For d = - y"’;/n; and b = 0,09 sec in the test missile this gives

Qc = (p2+ ZuD pr-m\g) x (Constant) (hg)

where “D/2%x the modified weathercock frequency and up i%s damping ratio
are as given in Table VII, o

/TABLE VII
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4 TABLE VII
¥ I
H
ot £ u, up
rad £t~ sec® | seo-t -
-5,2 1074 Change of mode
-5.0 10~% 2,01 L. 96
-0~k 9,60 1.7
-10-5 10.6 0.95
0 10,7 0. %
10=5 10.8 0,92
1074 1.7 0.86
1073 18,3 0.56
102 48,0 0.2,
101 14,9 0.16

These results are plotted in Figure 7 where they are ccmpared with
the results for pure acceleration feedback ( ) but for Yy = 0, ny
normal, There is close correspondence between the two sets of curves
and in fact, within the plntting accuracy the damping curves coincide,
This illustrates the point that bty suitably displacing the accelerometer
the advantages of a hypothetical missile in which Yy = 0 but ny is normal
may be attained,

In all the work which follows it is assumed that the aocelerometer
is situated at a distance 4 = = -V;/nz ahead of the ™ of G of the missile,
In practice the exact distance would not be critical since a small increase
or dearease in the acceleration kick when the acceleration is fedback
would not be important.

3.33 The effects of time lags

« An indication of the effects of instruments and control surface
servo time lags on the operation of a limiting system based on accelera-
tion feedback may te obtained as follows:

If the total oontrol surface demand signal (%) consists of a
guidance demand (%;), a rate-of=ymw feedback demand (br) and an accelero-
meter feedback demand f(h + rﬂ) then the control surface angle is defined

by

. . G, +br+ f (p%h + ap?y)

1 + pTy (50)
where 'l‘x is the time lag of the oontrol surface servo,

The same relationship exists if the servo time lag is gzero but
each of the component demands has a time lag of Ty seoonds,

This oontrol relationship leads to the following characteristic
equation for the missile motion, A -

=33
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3 2 v
(Ap’ + Bp“ + Cp + D)} | =0 (51)
r
where A, = T
1 x
B1 =1 -Tx (yv+nr)

C1 = -y, - nr - bn‘- ﬁ:& + afxgv + Tx (Unv + er)
D1 =Unv + xrv+-§x& + fo;v

for d = = ""z,/n‘,° .

Wiriting this equation in the form
. ph
> v

(p + a)(p® + 20 w p+wp) | or)

r

=0 (52)

and evaluating @, w, and & for the test missile we obt?in the results
of Table VIII when b = 0,09 seconds and f = 1073 rad ft~' sec?,

" TARLE VIII
i _
Te ! “x \ Yy %
sec Jl_md sec” - sec?
. i
0 13,3 0.56 -
10~3 18,5 0,55 98,0
102 20,3 0,52 RO, 8
51072 20.3 0,14 | 16.2
71072 18.8 0,07, |13.5
fl 107" 172 looe [113

The system remains stable as T, increases, the frequency remaining
aprroximately oonstant but the damping ratio tending to zero, The damping
ratio does not fall appreciably until the time lag T, exceeds 10
milliseconds. This loss in damping may be partly regained by an
increase in the amount of rate-of-yaw feedback - i,e, an increase in b,
Thus the general impression is that if the rate-of-yaw feedback is chosen
to give adequate damping in the presence of the time lags then these lags
should not be a serious handicap in applying the method.

The general trend of Table VIII is borne out by the simulator records
of Mgure 8, These records show the responses of the missile to step
demands of :G for various values of Ty (inserted on the aimulator as a
control surface time lag), The feedback gain of the acceleration terms
(£) happened to be greater in these records than that assumed in Table VIII
being 0,0055 rad ft=1 sec? instead of 0,001 rad ft=! sec2, The decreasing
negative kick in the records of Figure 8 is a direct consequence of the
inoreasing time lag in the oontrol surface servo.

- 3 -

SECRET

T

e A B K Wi B bR

PR

e, s

B 5 % ke e b 2 W




Report No. G.W.15

3.3, llultigle acceleration feedbacks

‘ Up to this ?oint the aoceleration feedback gain has been denoted
by £ (in rads ft~! sec? or degrees per g). In the acceleration limiting
systems there are several possible types of acceleration feedback which
may be used in different ways for different purposes, e.g, feedback of
pure acceleration or feedback of the output from a displaced accelerometer
for the rurpose of weathercock frequenoy modification or feedback from a
displaced accelerometer for the purposes of limiting, To distinguish
between such feedbacks the feedbaock gain in a system using '
acceleration feedback for weathercock modifications is denoted by £ (in
rads ft~! sec? or degrees per g) whereas the feedback gain in a system
using discontinuous acceleration feedback for the purposes of limiting
is denoted by F (in rads ft~! sec? or degrees per g). Both types of
feedback may occur in the same system,

3.4 Threshold feedback from a displaced accelerometer

Negative fecdback to the control surfaces from a forward displaced
accelerometer produces an attenuation of the steady state acceleration
without accentuating the yz-kick of acceleration and gives a system y7iith
a range of stability approximating to that of a missile with yz=0. If
the feedback is only operative if and when the acceleration exceeds a
specified value then the nttenuation effect becomes a limiting effect.
Figure 9 shows in schematic form 2 limiting systcm based on this approach.

Whenever th- output from the displaced accelerometer (h, + av¥)
becomes more pesitive thrn a fixed pesitive level T, then the threshold
circuit (1) feeds back to the control surfaces a demand proportional to
the excess [h_ + ay - '1‘¢] . System (2) operates,in a similar manner to
feed back a dtmand proportional to [T, - h, = d¥] whenever the accelero-
meter output is more negative than =T, ly one of these feedback loops
can be in operatiaon at any one time. 1In operation the missile will
respond to the input demands &g until the acceleromcter cutput indicates
excessively large accelerations (definod by +To and =T,) when the appro-
priate feedback loop comes into operation to reduce the demanded oontrol °
surface deflection 4 and so attenuate the acceleration response beyond
the 2T, levels, ‘

Figure 10 shows sirmulator records for this type of limiting system
as applied to the test missile with the weathercock modification to give
oritical demping, (i.e, b = 0,09 sec. £ = =6,3 10~5 rad ft~1 seoc?), The
limiter accelerometer was situated =VZ4/n, = L £t ahead of the missile
C of G, The threshold levels T, were sét to correspond to steady state
accelerations of £10g. In response to step control surface demands (?.a)
the missile acceleration (h ) and the wing incidence (8y) were record
for various values of the feedback gain (F). The wing plus body 1ift
(W, measured in g's) is given by =0,57 By, It will be noted that in all
the records the steady state values of and W are the same, as is to be
expeoted for a neutrally stable body-wing oombination, The control
surface 1ift (R, measured in g's) is the difference between b, and ¥ and
is therefore clearly in the ‘form of an impulsive response wheh the demand
(%) is applied followed later by another impulsive response when the
feedback suddenly oomes into operation.

" ‘Mgure 11 shows the steady state value of ﬁp or W (deduced from the
simulator records) as a function of the magnitude’sf the oontrol surface
demand and- the feedback gain. There is no absolute bound to the aocelera-
tion, only an attenuation of the excess of acceleration over the. 10g
level, this attenuation increasing as the feedback gain is inoreased.

- 35 =

SECRET




Lol

SECRET
Report No. G.U.15

If the control surface has a fixed traverse, say !200, then the
steady state acceleration reaches an absolute bound, which is dependent
on altitude, veloeity eto, when the input control surface demand exoceeds
$20°, This effeot is indicated on Figure 11,

The rather indefinite limiting obtained with this system may be
greatly improved by the method discussed in later sections.

3.5 e _monitored diodc system of acceleration limitin

: The feedback from the displaced accelerometer can be used more
effectively than as described-in the previous section. A system is
wroposed which is a oombination of the two aystems mentioned so far.

(a) The current method of using diode clippers on the input demands
for control surface deflection which gives sharp limiting but to a
level dependent on the aerodynamic parameters, and

(v) The feedback system of the previous section which does not give a
sharp limit but is leas dependent on the aerodynamic parameters,

If thc output from the displaced accelerometer is fedback and used
to monitor the level at which the diode clippers work then a system which
gives sharr limiting and is less dependent on the aerodynamic parameters
is obtained, If the sense of the feedback is such as to decrease the
magnitudes of the biassing voltages on the diodes then, as and when the
accelerometer outrut tends to overshoot the values set by the threshold,
the magnitudes of the diode voltages decrease to the value at which the
ultimate acceleration is very nearly equal to the value defined by the
threshold circuit., In this way the maximum lateral acceleration does
not increase appreciably even if the aerodynamic stiffness of the missile
inoreases, It is an important requirement that if the aerodynamic

“stiffness decreases then the ultimate acceleration should not be appreci-

ably less than the design 1limit or thc missile is being used inefficiently.
The effects of decreasing aerodynamic stiffness may be countered in the
above system of limiting by making the original diode biassing voltages
such that, at the least aercdynamic stiffness expected, the full design
acceleration is achleved nnd the feedback system will keep the accelera-
tion down to this figure as the aerodynamic stiffness inoreases. The
smaller the margin that has to be allowed for this purpose the better since
the amount of correction to te applied by the feedback system increases

as the original biasses are increased in magnitude,

Figure 12 shows the system in bleck schematic form, The two thres-
hold blocks of Figure 9 have now been drawn as one block since in a practi-
cal application the threshold levels 4T, and =T, could be defined by a
peir of diodes as on Figure 13. The usual diode clipping or limiting
arrangement is shown but in place of the usual D.C, biassing voltages on
these diodes we have the ocutput voltages of a pair of summing smplifiers,
One input to each amplifier is a oonstant D.C. voltage so that the critical
bias on the diodes may be set to give the designed aoceleration for the
lowest aerodynamio stiffness to be expeoted, The voltage output from
the displaced aocelerometer passes through the threshold system and is
then applied to the input of the biassing amplifiers so that the output
voltages from these amplifiers deorease when the aocelerometer
breaks through the threshold system. Figure 13 gives a detailed circuit
diagram of the arrangement used in the simulation, It is probable that
this could be simplified for a missile application.

3.51 Analysis of the monitored diode system

This enalysis is directed towards the determination of appropriate
values of the initial diode bias expressed in terms of the equivalent
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aontrol surface demand angle (B degrees), the threshold levels (*T, in g's)
and the gnin (F degrees per g) in the feedback loop from the displaced
nocelerometer,

Since this is 1 steady state annlysis we may make use of the
approximation that the wenthercock modifying feedbacks (br and ) have
a negligibtle ~ffect on the stendy state response of the tests missile.
(See Section 2.9).

The twin feedback loops,one for excessive positive acoelerations and
one for excessive negative accelcrations, see Figure 14(a) may be analysed
as one feedback loop if the correct sign convention is adopted.

Let B, T, and F be positive quantities, 1In the steady state
relationship

2
% = ky of. eqn. (5)

ky is n negative number. Thus if the input control surface demand &; > B
we have

é:E’AF(ﬁp-c»Tc)
while if % < = B we have -
t==-B+F(h -1)

Both cof these relationships conform to the expression
lzl =3 -F (l}'xpl -T,) (53)

which may te rcpresented diagramatically as in Figure 14(b).

(a) The choice of diode tias B

The 71lue cf B is given by the value of Z which gives the required
acceleration under the conditions of least aerodynamic stiffness. This
is given by

I} = byl 2

where lﬁpl = T, and lkhl has its lowest possible value,
Now k*‘ L E

= (146.6)(15) £t sec™ rad™! for the test missile,
Thesc figures are for maximum altitude where Ikhl 1T3 lowest value,
If in addition we allow n (0,75) timce reduotion in |kn| to allow for a
possible fall in the expected velocity we have ’
liey |y = (0.75)(146.6)(15) £t sec™? raa™!

= 0,86 g per degree,
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Thus if the design aoceleration limit is given by To = 10g the
largest value of % ever required is 19/0,86 = 11,6 degrees, Therefore

the diode bias B should be such that .
_ ‘ B » 11,6 dcgrees (54)
(b) The feedback loop '

When the aocelcration exoceeds T, we have from equations (5) and (53)

. B + FT,
Bl =——— (in g's) (55)

ol =
F+m

The limiting acceleration therefore tends to T, as F tends to
infinity.

The monitored bias en the clipping diodes is

B-F (mp| - T,) (in degrees)

B + FT,
or ———
1 . F|kh| (in degrees) (56)
Te
and this tends to le—[ degrecs as F tends to infinity.
h

Equntions (55) and (56) show that the monitored bias on the diodes
is multirlied by |ky| we get the effective aoceleration to which thc system
is limiting,

The difference between the effective acceleration limit |i; | and
the desired limit viz., the threshold level T, is given by P

B+FTC

- —
| %] *F
To = Bligy|
1+F|kh|

Now this difference in the absence of feedbaock is (T, - pq,!) in
g's, s0 that the feedback reduces the difference between the effective
acceleration limit and the desired 1imit by a factor 1 + Flky|.

To (in g's) (57)

(in g's) (58) .

Fgure 15 shows the form of the steady state aocceleration as a func-
tion of the input control surfacc demand & and the system constants Tg,
By, F and k. This figure differs from Plgure 11, for the direot feedback
ocase in that for a given feedback gain F there is now an absolute bound
to the acceleration,
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(6) The choice of feedback gain F

Assume as the design criterion that the limiting acceleration has
to be within 10# of the design value over the expected nltitude and speed
range, .

We have for the limiting acceleration

P' = ;—:—1—- cf, eqn, (55) ;

Now 'k; = —%x——r—‘i cf. eqn,(5) -

at the design altitude and velooity.

If 4 wnd 0 denote the ratio of nctunl velocity and air pressure to
the values under the design conditions then using equations (23) we have

o2
pUnv + Ox

-..ﬁ’..._‘_
1

(o3
Xpy B

for the test missile since *rv/u2 is at most 10% of "™/uc . This approxi-
mation :L$ justified for as will be seen below we require F > 0,005

rads ft~' sce? wherecs the maximum value of |1/k,| over the range of vari-
ables considered is of the order of 0,0005 rads ft~! sec2, Thus a 10%
approximation in 1/kh gives at most a 1% error in the calculated limiting
acceleration.

Therefore
B+ PT
iyl = —2 -
F + _V__ . "1-’ K
vy M
%
giving ’ i
R P i oy |
X U
llh:‘lnin . -nxg max
max v 1
i Xz (“°5m|
=x, say
\ -39 -
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Hence

xn | Iny|

F= (K9)min : (W Omax (59)
(1-x) lxvz |

and for the altitude and speed range defined by

1 <0 <10

0.75 < 1 <1.33

this gives the results of Table IX

TAELE IX

i F x

{ rnd £t=1-scc?

!

': oc 1

j 0,011 0.9%
| 0,009 0.9
| 0,023 0.8

o

Therefore to hold the limitin¥ acceleration within 10% of the design value
we require F > 0,005 rads £t~ sec?,

() The overall performance of the monitored diode system

We consider the problem of limiting the aocceleration of the test
missile to within 10% of a 10g limit.

From Para, (1) above the diode bias B should be » 11,6 degrees to
ensure that 10g is reached under 11 expected flight conditions.

From Pera, (c) above the feedback gain F should be>0,005 rad £t~ sec?
to ensure that the aoceleration l1imit does not vary by more than 108 from
10g.

Suppose then that

T, = 10g f.e, 320 ft/sec?
B = 415 degreea
F = 0,006 rad ft~1 seo?

equation (55) gives the limiting acceleration for the design condition as
10,58, For exaotly 10g equatign (55) shows that for the design oconditions
To would have to be 303 ft/sec?,

= [0 - ,
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. As n fuller illustration considcr the application of this limiting
syatem to the test missile under the following conditiona:-

. Design altitude = 30,000 £t

Design vclocity 1,500 ft/sec

Design value of n, 1/15 £t=1 gec™?

F = 0,006 rad £t~ sec?

T, = 303 ft sec™2
B = 15 degrees

Possible departures from these design conditions may be defined by
1 < 0 <10, where O ig the ratio of actual air pressure to the B
rressure at the design altitude K

0,75 < @ < 1.33, where u is the ratio of actual velocity to the
design velocity ‘ .

0.5 <A<2, wher: A is the ratio of actual n, to the design n_. 3

The limiting accelorations rs given by equation (55) arc as quoted
in Table X.

JTAELE X

T=1 I o= 10

A=1.0 2.8 10.2¢ | 10,7g

|
A=0,5 " 10,3 l 10, 5¢ ' 10.7g , 10.7¢
|
=20 82 | 91g | 10.ug |

It will be noted that for the design value of n, (i.e. M =1) the
1imiting accelerations over the operating altitude and velocity range,
are all within the desired 104 of the design value of 10g, The departures
from the desired 10g limit are not great even when the value of the design
n, is changed bty 2:1 (i.e, A= 0,5 or A = 2), The limiting acceleration is
therefore effectively indcpendent of the aerodynamics and flight conditions E
over their probable range of variation. ,

(e) Limitation of wing 1ift

The feedback systems discussed in the previous seotions are such 4

that limits are set to the total 1ift T, In later sections methods of
' 1limiting the control swrface lift R are described, Ideally what is

required are individual 1limits to the wing 1ift and the control surface
1ift, Unless the departure from neutral stability is very great W T T
and the limitation of W rather than T is in the nature of a refinement,
For completcness however we now oonsider the possibility of modifying the
total 1ift limiting system so that we get a wing 1ift limiting system, i.e.
we consider the problem of limiting W directly and in the presence of a
changing missile stability (e.g. changing H or ny) by using feedback from
a displaced accelerometer,

heml a5 B e e
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L
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In the steady state we have

By ,
= *n

4

v of, eqn. (5)
- k .

Z v

But the feedback system limits h; so that

B+FT
Lim B | = ~————— of. eqn. (55)
PR e Vil
Thus
k, B4FT
Lim lvl D | e —
kh F+ |1/kh|l
But kh is negative, therefore
B+ F To i
Un o] =i, - 'ﬁ(h—:‘r’

on substituting for kv from equation (5) this gives

(B+FT°)(_XQ_-UnL)‘

Fvag—Ur}v-xw !

(60)

Lim |v| =

Lim |v| is independent of n_, i.e., independent of H, if

L)
T’\r- [Fvaz -Unv—xrv] s 0

(i) L
i.e. if F Yz(1 U)\-, 7 (61)

with this value of F

(62)

Lin |v| = 55(5,32

v Yz

Now Wa [y +-’%(1 -%)Jv of. egns, (11) and (12)

\Z
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Therefore

Lim 7| =

- HIEC R

Y,
= |By< + To| since ¥, > é( - -g-&) (63)

Thus Lim || oan be mage independent of n, provided F can be progranmed
so that over the altitude and velooi*y vnr:l ions expected F = //;

of. eqn. (61) or more generally F = 1/y! = O'py; The 1limit
achieved, |By; Ty | is a funotion of y, and so will vary greatly over
the altitude and velooity range, being ]50’ BYz + Tg| at anything other
than the design altitude and velooity. Consequently B and/or T, would
also have to be programmed with nltitude and velocity and the system
becomes very involved,

3.52 Simulnter results for the monitored diode gystem of limiting

Figure 16 shows the input-output relationship for the threshold system
used on the simulator. This figure shcws the voltnge developed at the
monitored diodes as « function of the voltnge output from the nccelerometer,
¢ 1is defincd ~s the slope of the linear portion of the curves in degrees
per ft/sec2, 1In opcration the system is such that the operating point on
these curves is on the knce of the curves since the accelerometer output is
only slightly greater than the threshold lovel, Thus the effective feedback
gain (F) is lcss than that given by th linewr slope of the curves (1), 1In
a practienl arrlicntion of this, or a similar system for the threshold
system, n calibration would hw' to bc rrevarcd giving the effective feed-
back gain as m function of th: system prrameters, In the present simulator
work 3 (which is closely relatcd to F 'md has the same dimensions) has
been used ns the parameter descriptive of the feedback gain of the system,

K3
w
tf
4
A
K
H
<
b
X

The responsecs of thc test missile with the monitored diode system of
limiting have becn detained on the simulater., A large step demand for
ocontrol surface angle was uscd as input -nd the resulting responses in
total 1ift T and wing 1ift W were obtained for a feedback gain range of
1/730 <3 <10/73C, and a -static margin shift range of =9" < H < + 9",

The T-records are given in Figwre 17 ~nd the Werecords in Figure 18, The
difference between T and W in ~ny given case is the control swrface 1lift
R, It will be noted that W is limited with negligible overshoot so that
the overshoots on the T-records sre the transient control surface lifts R

The steady state ratio Ws/T, (sce Seotion 2,8) is independent of

altitude, velocity and feedbnck gain but is dependent on the static margin
change H. We hnve

;B_ - ryv . %( - %5)]—’3%%&] of. eqn. (24) ;
- — 4 i

and for the test missile this is approximately ] 1.
i/

o R BRI e et teps Amal

ws ] H -1 *
%:’i( --53) where H is in inches (64)
- 43~
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Figure 19 ocompares this approximate theoretionl evaluation of” W-/'r"
with the simulator results of Figures 17 and 18 nnd the ngreement is reason=
ably good,

The steady state vnlues Ty ond Wy given by the records of Figures 17
and 18 are plotted ns funotion of J nd H in Figures 20 and 21, It will be
noted that Ty tends to become less dupendent on H for large values of T,
For W, however Figure 21 indiontes thnt Wy is independent of H for 3 =
0,0055 rad ft~! sco2, Now in Scotion 3,52 (e) it was shown that Wg should
be independent of H if the feedbnok gnin F = 1/y, = 1/800 rad ft-! sec2,

A very approximate indication of the intcr-relatfonship between F and 2
is therefore @ = 4,4 F nand this is oonsistent with the concept of the
system operating on the knee of the threshold ourves, '

Figure 22 shows the absolute bound to Ty given by-the monitored diode
system, For various values of 3 the system was set by Ty to give a nominal
10g limit and the notual limit obtained wns plotted as a function of the
input demnnd signal. Compnrison with Figurc 11 which gives the correspond-
ing results for direct fecdbrck of noocleration shows the advantnges of the
monitored diode technique, Figure 23, which shows various limiting systems
applied under identicnl oonditions, further illustrates the superiarity of
the monitored diode system,

3.6 A ocomparison of the limiting systems

The maximum eceleration or 1lift of the missile must be limited but
we should not compare limiting systems solely on the efficiency of their
limiting action sincc an important consideration relating to the overall
performance of thc missile system (e.g, cstimntcs of miss distances) is
the "cffective point" in the system at which the limit occurs. In general
terms 2 non-linenr clement is being introduoed into the system and the over-
all performnoe of the system is dependent on where in the system this non-
linearity ocours.

: An important example of this is provided by the case of a beam riding
missile, As a result of radar team jitter (of. Section 2,10 and Refs, 1 and
2} the legitimate guidance and control signals have pronounced noise or
Jitter ocomponents. Non-linearities in the missile ocontrol system such as
the acceleration limiting system, may result in rectifieation of the
"legitimate control signal plus noise" and give as a consequcnce an effec-
tive distortion of the legitimate signal. For example, if the lcgitimate
signal is a steady demand for 7g aoceleration and the noise component
superimposed on the legitimate signal has pcaks greater than that correspond-
ing to 3g, then lateral acceleration limits set at 10g will, because of the
asymmetriocal clipping of the noise peaks, result in a mean aoceleration of
less than 7g,

The ‘higher the signel/noise ratio at the stage when limiting is applicd
the smaller the distortion of the signal. Thus it is preferable to apply
the 1limiting after rather than before any noise filtering that may be
present., The response of the missile to its ocontrol surfaces is such that
it providcs a filter against the higher frequencies so that ideally we would
1like to have the missilc develope acceleration as though there were no
1limits and then by some means only aocept those values less thon a specified
amount, With such a system we would have limiting but other than that no
distortion of the legitimate signals, "Acceleration olipping" may be used
to describe such a system, In practioce we cannot limit the acceleration
in thls way since the only method of manoceuvring the missile is by moving
its oontrol surfaces and accepting thc subsequent aoceleration,
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Although the different limiting systems discussed here have been
applied to the same physical point in the system, namely that point in the
system at which the ocontrol surface,demand signal appears, they are depen-
dent to different degrees on fcedbnok of the missile acceleration and thus
will give rcsults intermediate between simple 1limiting of the oontrol
surface demand signal and ideal nocelcration olipping, Figure 2 illustrates,
in an approximate fashion (i.e. neglecting the olosed loop nature of the
missile guidance system) the limiting action of various systems. We assume
Curve (a) to represcnt, the acceleration developed by the missile during the
course of some manocuvre, If ¥ Ap., represcnts the desired maximum accelera-
tions then Curve (b) illustrates thc idenl case of "aoceleration clipping" -
being simply Curve (a) between the values ¢ . Ourve (c) shows the
typc of ncceleration response to be expected h simple limiting of the
input demand signals and rate-of-yw feedback to achieve critical damping.
The neceleration builds up in a critically damped fashion to the limits
* Ay Ourve (c) is clearly less desirable than Curve (b) since the
acceleration build up to the limits is slower. The acceleration feedback
systems of limiting give acceleration responses which are intermcdiate in
type between thosc shovm in Figure 24 Curves (b) and (¢). The build up of
accelcration is still cxponentinl as in (c¢) but now builds up to a value
greater than A, and is only -wrested in its build up when the threshold
system is opernted nt or near A..y. The build up rate of acceleration is
still less however than in case (o). .

It is of interest to determin~ which of the limiting methods dis-
cussed in this report most nearly arproaches the ideal aoceleration clip-
ring conocept. From Figure 2, it v~uld seem reasonable to assume that a
measure Of the R.N.S, acceleration would give a oriterion by which the
different systems may te compared, The best system will have a larger R.M.S.
value than any of the otier systems, tending in the limit to the R,)N.S.
value given by an ideal noceleration clipping system,

This problem has been stulied on the simulator using the test beam
rider with a typioal radar jitter signal (ef, Seotion 2.9 and Refs.2 and 3).
For each of the limiting mothods discussed earlier the R.M.S, wing 1lift
has been determined when the nominal limiting 1if't corresponds to +10g,
In each case a range of values of ny,, or centre of gravity positions, has
been explored by assuming H, the change in static margin from the design
static margin, to be =", O or +3",

Case (a)

The test beam rider with typical jitter signals,
No aoceleration limiting,

(v)
As for (a) but with ideal "acceleration olipping" at 210g,

l§

Case (o)

As for (a) but with the input control surface demand signals limited.
For each value of H the limits were adjusted to give a #10g limit to
the acceleration,

Case (d)

As for (a) but with the monitored diode system of limiting.
‘System set up to give a limit of »10g with a feedback gain of
F = 0,0055 rad £¢t~1 sec? for H = 0,

- L5 -
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Gase (¢)

As for (a) but with simpl. threshold fuedback of ncecleration,
Gains, thresholds eto, ns for (D) but with the feedback signals fed
dircotly to thc control surfacc demnnd signnl instend of onto the
diode elippers, ‘

Case ()

As for (¢) but with n prelimitcr o, g, mechanienl stops on control
surface sct to give the desired limiting acccleration under the condi-
tion of least ~oredynnmic stiffncss in the rage =9 <H <+9",

Figurc 25 corpares in graphictdl form the results obtained for cnses
(a) to (f). From this figurs it is cluar that the monitored diodc system
of limiting is th¢ nearest nrrronch to the idenl ensc of ncceleration
clirping.

3,7 Conclusions on tot~l lift liniting

The monitored diod. system, «mrleying threshold feedback from an
accelerometer situnted o distance aryreximately cqual to =Y4/n, nhead of
the centre of gravity of the missile, gives 2 method by which the total
1ift of the missilc may bBe limit: 4,

By a suitabl: choicc of fuidback prdns ote, the totnl 1ift may be
constraincd within 2 sr.cificd - re.nt-g. of 2 given valuc over a given range
of variations in ~ltitude, v-1locity rd missil. static morgin, For example
consider n typicd medium=rong: 10 rmissile cpercoting over a 10:1 air
density ronge nnd 4 0,75:1:1,33 vilocity ronge,  The results of Table X os
page 41 indiente thet » faudtaek goin of the order of 3,006 rads £t~1 sec
together with artroprint. tins.t nd throsholis gives at mest an 8% variation
in the 1lift limit over this dunsity ~nd v locity rwmge, Further, a 2:1
change in the ¥y dirivative rroduecs, in eonjunction with the snme density
and veloeity voriatinns, = chrnpo ~f 4 most 275 in the 1ift limit,

This systerm of lirmiting h~s ~dv-ntepes over all the other systems
agsesscd and most ne~rly ~rureximates t~ the ide-d ensc in which limiting
ocours a3 the £finnl «vent in the dcvelormont of the missile 1ift,

L The Limit-tion of Centrol Surf-ce Lift

It is first shown th~t if ~ missile hns 1 neutrally stable body wing
oombination then the wpular ~cceleration of the missile prcvidzs a good
measure of the peak control surfnce incidence nnd hence of the peak
oontrol swrface 1ift. This lends to proposals for limiting the peak
oontrol surface lift by suitnble feedbnck of angular acceleration, The
proposed system is then studied in detail., Further sections discuss the
performance of this system when the neutral stability oondition is not -
satisfied, ,

4,1 Angular aocelerntion s a measure of peak control surface 1ift

In Section 2,6 it was shown that the relationship between the control
swface incidenoe (8.) nnd the missile nngular acceleration () for a
neutrally stable body-wing combination wns given by

r?+p (-y,-n,) -p (1-%5) %wxw-( -%&) f%-‘l

P°¥ pPng + x, ¢P

of., eqn.{17)

—)+6—
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In order to estimate the oconditions under which the angular accelera-
tion p2¥ may be used as a measure of control swrface incidence £, we
consider the above transfer function as it applies in the different
frequenoy ranges W < 1; W2 > 1; w2 551,

For frequencies such thnt W2 < 1 the constant term in the numerator
is important and the angular acceleration is not a good measure of the
oontrol swface incidence, la:.vevcr for such low frequencies the oontrol
surface inoidence is small, Pr/Z veing of the order of 1/100 for the test
missile,

For frequencies such that «® > 1 then
ae\ Yz
p*(.vv-nr)-( aa>n

PR, + X

124

&

p2#

A TR e it S g

so that if [~yy = n. - (1 - %/2a) Y2/u] and x"L/n; are of the same order :
of magnitude then the nngular naccelerntion gives an approximate estimate
of the control swrface incidence, The weathercock frequency of the test
missile is such that it 1lics in this frequency region so that the values
of the control surface incidence will be appreciable in this frequency

. region,

For frequencies such that o >> 1 then

& . 4

2y %

so that the anguiar acceleration is proportional to B ny i.e, the ocontrol
moment, Assuning = constant moment arm we have angular acceleration
proportional to control surfance 1ift, It is in this high frequency region
that peak values of control surface incidence and control surface 1lift
will occour since the frequency of control surface motion for w >>1 is
greater than the weathercock frequency of the missile and oonsequently the
oontrol surface incidence is not reduced by a rotation of the missile as

a whole,
It follows that the missile angular acceleration may be used as a !

measure of the control surface 1ift (or incidence) when this lift beoomes

very large,

The similarity in the responses of the control surface incidence 1
and the angular acccleration to a step in the oontrol surface deflection ,
for the test missile is shown by the following approximate solutions,

8
+ = et ain (10t + 85°)

and -151 { = et ain (10t + 105°)

-L7 -
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If the body=wing combination is not neutrally stable then the
close relationship between control surface inoidence and angular
acceleration brenks down, This circumstance is discussed later in
Section 4.5,

L.2 Proposals for the limitation of control surface 1ift

The main proposal is to use an angular ascelerometer to mcasure
the large control surface 1ifts and by feeding the output of this
accelerometer bnck through a threshold circult and injeeting it into the
oontrol surface demand signal so 1limit the pesak values of the control
surface 1ift., PFlgurc 26 shows thc basic arrangement. In effect this
is n twin loop nrrangument similar to that uscd for lateral ageeleration
limiting. The threshold systep is such that if ¥ > + K then ¥ ~ K is
fedback while if ¥ < = M then ¥ + M is fcdback, where M defines the thres-
hold level, There are a number of parnmeters which determine the performance
of such n system chief among which are ghe threshold 1cvel (M deg/sec?),
the loop gain (K decg per dog/sec? or sec™) and the level to which the
laternl acceleration of the missile is being limited, We nre intcrested
however not only in the limiting notion of such a system but also in the
effect it has on the modes of motion of the missile,

In thc following sections the attenuating acticn and the effect on
the modes of motion of angular socelcration feedback without any threshold
system is first discussed, The stability of the system and the limiting
action whcn the threshold is inscrted are then examined, Fnally the
application of the system under different combinations of circumstances is
investigated,

In discussing the effects of this form of limiting on the performance
of missiles it is essential that the method of obtaining the limiting be
underlined sincc the method br which it is obtained determines to o large
degree the effect on the performance of the missile. Thus we study the
effect of "threshold feedback of angular necelération” rather than simply
"ruddcr 1ift limiting". .

4.3 Pecdback of angular acceleration

L.31 The attenuating ~ction of sngular accelerationm fecdback on
control surface incidence

From cquation (16) we have

B
Tr = fa(P)

CL2
and EZ! = fn(p)
From Figure 26 we have (ignoring the threshold system)

wz1 ==-K p2*

and L RIER

= L8 -~
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Thus
8 £4(p)
-Zg a T_:LKT‘:GT (65)
2 £a (p)
nd e S S A0 (6)

If we denote the values of ¥ and B_ 1t time t = O+ by ;o and B,
then these values in response to a step In control surface defand )
are given by

£a(p)
Bro ~ g\P 1 (67)

—— i o -
&y prw 1 ~Kf (p) 1-Kny

‘Il,o i fp(r) n
= - : 4
and - L = (68)
L paw t-KE(p) 1 -Kny
whilst the finnal stondy st~te values ~re given by
finnl By fa(r)
Z,  P~o 1-Kf(p)
d¢e :
(Un +x)-(~— (x -n)
v ™v a r 4
= (69)
VJnv +x,
3 £.(p) )
final " a -
and —-g—i p‘_'. . T-X ta P 0 (70)

The initial peak vnlues of B, oand p°¥ (at ¢ = O+) are thus attenuated
by a factor (1 - xn;) but the ¢ steady state values are independent

of the feedback,
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For example if a 10 degree _step in %, is considered then with no
feedback and for ny = ~ 200 sec™¢ we huve

Bro = 10°, ¥ = = 2000%/8ec?
'hile for K = 0.2 sec? we have

Bro = 0.25°, ¥ = = 52°/sec?

4.32 The effect of an.gglar“acceleration feedback on the weather-
gock mode

The influence of angular acceleration feedback on the weather-
cook motion of the missile may be assessed by a study of the appropriate
weathercock characteristic expression,

In Scotion 2.), equations (33) and (74), it is shovn that if the
oontrol equation is

¢D=:C+br+f'ﬁr+x¢ of.(33)
then the weatheroock echarncteristic expression is
Q. = p2 (1- fyy -}’.n;) +p (-yv =R, -bny -fx, + Kx;v)

(o}

$Ung +x @ b, ¢ Ufx, of. (34)

We consider two cases:~ Case (a). Angular acceleration feedback
only, i,e, K £ 0, b = £=0 and C-se (b) normal weatheroock modifying feed-
backs br and thp (see Section 2,9) and an additional angular acceleration
feedback K

Case (a) Angular acceleration feedtack only,

In this case ¢, becomes x ‘here
% =  (1- an) + p(-yv -n, +szv) +Un, +x (n)
and this may i)e vritten in the form
9 = (1-Kny) [P2+2 up e po?] (72)

where Wy denotes the undamped angular frequency and Uy the damping ratio.

Table XI shows how @ and w. vary with positive values of K (i.e.
negative feedback of nngular aoce&eration) for the test missile,

/TABLE XI

-5) -
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TABLE XI
X
sec? rad/sec x
0 10.0 0.10
0.1 2.1% 0.24
0,5 . 0.99 0. 51
1 0,70 0. 71
) 0 00

With inoreasing angular noceleration feedback (K +'°) the weather-
oock frequenoy therefore deoreases whilst the damping ratio increases,

Case (b) Angular acceleration feecdback in addition to normal rate and
lateral acceleration feedbacks.

In this case the exrressicn for {, above is directly arplicable, We
consider the test missile., As shown in Scction 2,9 the weatheroock
characteristics of this missile may te modified to give an angular ﬁ'equenoy
of 10 rads/sec and a damping ratio of unity by angular veloc ;y and atern
acceleration feedbacks such that b = 0,09 sec and £ = -6,3 102 rad f£t~! .
Consider now the effect on this modified missile of angular acceleration

feedback,
Q. may be vritten as

(1- £y, -Kny) [p2+ 2 we, @y peul] (73)

where Ugq 18 the undamped angular frequency and Wy the damping ratio,

Table XII shows how Wy and uyy vary with positive values of K for
the test missile and the above values of b and f,

" TABLE XII
X g
sec? rad/sec ; “1(1
0 ] 10.0 1.0

0, 005 7.4 0,74
0,010 5.8 0,70
0,025 4.3 0,51
0,050 3.0 0.45
0.10 2,2 Oulidy
0,25 1.4 0.50
0.50 1.0 0,60
1,00 o.M 0,78

SECRET

PERES TPy

Pienadii



SECRET
Report No. G.W.15

Figure 27 shows in graphical form the contents of Tables XI and
XII, For K = 0, the effect of the rate and lateral acceleration feedbacks
is to inorease the damping ratio to unity while maintaining an undamped
angular frequency of 10 rads/scc, The addition of angular acceleration
feedback has the effect of destroying the synthetic dnmping due to the
rate feedback, For large vilucs of K the angular acceleration feedback
oompletely dominates the others giving w]('=: “)1(1 and U ’=' Upy e

The operation of the simulator in respect to the weathercock motion
has been checked by arplying an input a step in the demand signal C&uand
recording the response of the tcst missile under the conditions of Case (b)
above, Sample records arc shown in Figure 28, Measurements of frequency
and damping from such rccords give the results of Figure 29 in which a
comparison is made with the thecorcticnal results of Table XII, The agree-
ment obtained indicates that the simulator is functioning correctly.

L.33* The effect of angular accelcration feedback on the weave
mode of a beam rider

For the "test beam rider" outlincd in Section 2,10 the control
equation is

i+p T
= G o ———am (h_=~h_)ebr +fh £, (37)
;D .1+NpT° el hB*r* P o%s

where G, T , N, b, f are constants and hg is the radar beam position
relative to the space datum,

If we now add to this system a component of angular acceleration
feedback (K V) then the control equation becomes

t+p 'I‘o ) " -
LD:: G-1—:-N—p-—r-°- (hphh8)+br +f'hp +Kv¥ (74)

Neglecting the oontrol surface servo delays we may put
G = & . (75)

This oontrol equation in conjunction with the aerodynamic equation
(1) gives the following characteristic equation for the motion of the
beam rider

r
. p2h

(A’ p5+B' p‘*+ c! p3+D' p2+E' p +F] vp a0 (76)
or
r
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.—@ where
RN
A' = (4 -y;f-nzl() N T,
) B! = (1-y(f-nzx)+'(-yv-nr-bnz -fxyn +szv) N T,
' = - - - -
C' = ( ¥, ~n, bn; !‘x& +szv) + (Ur\, +xw+bx;v +Urxzv) NT, 3
D' = Ur\’q» Xy +bxzv +Uf x:v-rG To xrz-Gyz %;
Et =G To szv«er!‘ ,:é
Fl = G.U*,lv . g
If this equation is written in the form s
| \ .. [P
(p +a)(p°+ 2 u.wu*po-o%z)(p +2u W, pro Y | v =0 (77
or
r
then the modes of motion may be identified as a oontrolled (or weaving)
mode with frequency “c/2x and damping ratio u, and a weathercook-like
mode with frequency “/2x and damping ratio ug.
* For the test beam rider the oontrol constants are
G =0,746 107 raa £t~
Ty = 0.21 gec
N =1/20
b = 0,09 sec
£ =-6,3107 rad £t~ sec?
Approximate evaluation of &, w,, u,, G, for these parameters
and for various values of K gives the data of Table XIII, ’
TAELE XIIT
K | a ; | vy Wy U, .
sec? | sec™ |rads/sec | rads/sec .
0 2,92 18,5 1.00 2,2, 0. 51
0,005(23.7 b7 | 0,66 2,32 0,62
. 0,02 (21,9 2,98 0,20 2.23 0,83
“ 0.05 121.9 2.46 =0,07 1.8, 0,85 3
¥
i 0,10 [21.9 2,03 |=0.21 | 1.6 0,86 3
1 1.0 |21.9 1,00 =0,43 1.06 0.86 %
gL v
P Pigure 30 shows these quantities plotted against K. It will be
noted that the "weatheroock 1like" motion m,u!l is very similar to the
2 weatheroock motion in the absence of the n beam riding control loop

(g suy,) (see Pigure 27) with the exception that the deorease in damping
- 5% =
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with increasing K is now such that uy beoomes negative for K » 0,04 ae02

arproximately nnd the system is consequently unstable, The weave
frequenoy (%6/2%) decrenses slightly and the weave damping (ug) incregses
towards critical damping as K increases, Por K greater thanug. 02 sec
the weave and weathercock like frequeneics merge to the same value so
that these doscriptiv«?trvmxs for the o modes have no physical signifi-
cance for K » 0,02 sec®, As n rosult of the crossever of the d?mping
curves it will b seen, for low values of K (i.c, K < 0,005 see ), tha:
the weave mode is dominnnt but at lurge values ef K (f.e. K > 0,01 sece
it is thc weathercock-like mede which is dominant, Observation of the
system will apparently show it ns n gsystem with a constant frequency
dominant mode whose dwwping decrunsus as K increases. There may however
be a reglon in which toth modes are «jually weighted and something like
a "beat effect" will occur ketwson the tvo modes, For this cffect to
show up K would huve to be large so ns to render the two modes close in
frequency and yet not so large that one of them is unstable or the other
too hcavily damped.

Figure 31 zives n set of simulntor results demonstrating the above
effects, It shows, for various v:ilucs of K, the responses in as the
missile recovers freom an initial lateral displacement of 375 ft. As K
inoreases these aceelqration records shew a dominant mode _of motion with
decreasing damring. For K in the region 0,03 to 0,04 sec? there is
evidence of the "beat effcet” as the amrlitudes of the peaks on the tran-
sient recoverivs firstly inercase and then doerease,

The freguency nd damping ratio of the dominant mode as measured
from the r:cords of Figure 31 ar: showm comparced with the theoretical
results on Figurc 30, As is te b+ cxpected the experimental points ooin-
cide with the theoreticid mode of least damping.

Flgure 32 shows the complet: toam riding response of the missile
for K = 0,921 soc? and for *10g lat:r-d acc:l.ration limits (simple diode
limiting) in rcsponse to a stcr disvlac mint of the radar beam,

L.4 Threshold fecdback of angular ncccl-ration

The immediatcly precceding sections have indicated how the modes of
motion of th: missilec arc afficted when th. -ngular accelcration fecdback
cores into operation, T¢ have now to study th. bchaviour of the system
when threshold f¢-dbask of angular -wcceleration is incorporated i.e. as
a system with two zones, onc in which there is feedback and one in which
there is nc fecdback of angulwr -cceleration,

The nonlinear oontrcl equation is of the form

Z_,D=Z.,,,#br+fﬁr+l(1; (78)

A

where K =K, if [¥1 >4, (M being the threshold level)

K, =0, if V] <x
1+p T
In the beam riding applications Z',(. = G e (4 =~h) as
before, ! 1+Np Tp °p hB

If the control surface servo lag is neglected CD = %,
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L.41 The limitirg action of threshold feedback of angular

acceleration

It has been shown in Section 4,31 that linear feedback of angular
acceleration rroduces an attenuating action on the peak angular accelera-
tion and control surface 1ifts, If the feedback is only applied when
the angular acceleration cxceevds a specified level then this attenuating
action becomes a limiting action, the limit being defined by the thres-
hold level, The greatcr thc fcedback gain the better the limiting action.

From Scction 4,31 we have that the attenuating factor is (4 -Kn;).
If the angular acccleration threshold level is |M| ©/sec? the correspond-
ing level for the control swrface incidcnce (Bp) is IM/n;| degrees, Thus
if an inﬁut tep contrel surface demand of %, degrees is applied and if
I:Gl > | /nJ then the threshold system is operated and the peak values
of angular acceleration and control surface incidence (at t = O+) are
given by

In, éG‘ - |xl

Peak ¥ = |M|+—= c>/sw2 -+ (K| as K=o (79)
|1 -Kn;‘
12| = ¥/n, | ‘
P""kﬁrgl—m"" el 5 degrees %‘-tasK - o0 (80)
| ny |1-Kn;| 4

Table XIV shows some tyrical results for a step input control
surface demand &, of 10 degrees arplied to the test missile,

TAELE XIV
‘i £, thresheld level | X
Peak Ay (degrees) 4
o | €° 30 1.5°
[ 0 10 {10 10 10
Feedb”kso.m {10]6.57 {40 | 2.7 |-
gain
K sea? lo.zo 10 [ 6.13 | 3.18 1.72
oo 10 | 6,0 3,0 1.5

Pigure 32 shows in graphical form a more extensive set of results,
This figure also compares simulator results with the theoretical results
and indicates a good measure of agreement., Figure 34 illustrates the
responses of the test system with threshold feedback. It gives typical
similator records for the test missile and the test beam rider,

L.k2 The integral of ocontrol surfagce 1ift

There is some indication from the simlator records (e.g. Figure 3i)
that when the peak responses are limited then the width of the peak
inoreases so that the integrel of the penk tends to remain oonstant,
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This has been checked on the simulator by directly recording t}{e integrals
rmdztht- results of Table XV were obtained for a fcedback gnin of K = 0,418
seqs,

TABLE XV

Threshold Level
Angular Control Surfice  Integral of lingular | Integral of Control
scceleration Ircidence : acceleration Surface Incidence
0/sec? Dogrocs (artitrary Units) | (Arbitrary Units)
150 275 : 8 " 8
300 1.5 10 10
£00 3 13 13,5
900 L5 0.5 15 f
1270 3 15 14,5 ’
2)7°Q or o 12 or «~ 17 16.5 '
il

These rosults inlie~t. th-t the intograls ~re only arproximately
constant vhen the limiting is not s vere,

L.43* The liniting ~ction of threshold feedback of angular
~car.lorabion (Fo-o riding example)

The limiting ction which $1kcs rl:c. when a step of control surface
demand is arrlied has t-(n discuss--d, The same limiting netion occurs
when the inrut is a mere corplieted function s is shown by the following
c¢xarple for the cnse of th test bowr rider,

Simulater resronses for the ¢35t boam rider were obtained for
various vilues of nangul-r nccilerntion fecdbock gain (K) and threshold
level (¥). In cach crs- there w re no lateral acculeration limits and the
initinl disturbance wns o 375 ft stepr displacument of the radar beam,

The largce step of 375 ft was chosen so that a pronounced limiting action
was ottaincd, Sarples of thes. responses arc given in Figurc 34, From
suwch responscs the reak vnlues of angular acceleration and control surface
incidence were obtained and these nre as shown in Figure 35, The overall
behaviour of the beam rider is very little affected over the range of K
variations studied (provided the threshold level is not too low) but the
peak values of angular ncceleration and control surface incidence are
more and more efficicntly limited ns K increases,

L,44* The stability of the test beam rider with threshold feed-
Eack of angular nccelcrntion and with lateral acceleration
1inits

The ron-linear control equation for threshold feedback of angular
aocceleration is given by equation (78). The system has however, in general,
a further major non~-linearity in that the lateral acceleration of the
missile is limited to a sprocified value, It is sufficient, for the
purpose of an initial study of threshold feedback of angular aocelera-
tion, to assume that the lateral acceleration limitation is obtained
simply by limiting the input control surface demand signal (%g).

1.6, 18] ¢ %} ahere &, sets the lateral acceleration limit  (81)

This assumption can be mudc since the initial studiss are confined to a
missile operating at a fixed altitude, velooity eto. The use of feedback
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. types of limiting for both total 1ift and control surface lift is
considered in a later section of the report,

. The stability of such a system is of interest, This can only be
determined in ussociation with a particular form of guidance, The test
beam rider is uscd as an example,

When the threshold level (M) is sct at zero then in Section 4.33 it
has been shown that the system becomes unstable when K is greater than
approximately 0.04 sec?, In the presence of a non-zero threshold level
the gain (K) at which instability sets in 1s increased and as a consequence
the use of higher gains leads to more cffective limiting action, The .
onset of instability 1is also influenced by the presence of the lateral
acceleration limits. In n very non-linear system of this type it is not
pessible to readily define the stability conditions but some idea can be
obtained ty exciting the system with a large initial displacement (say
300 £t) wnd pletting the values of fecdback gain (K), threshold level (M)
and latersl acccleration limits (L) at which instability starts. Such a
plot is given in Figure 36 which shows raridly increasing stability with
inerensing threshold level. An increase in the ratio of the exciting
ster displacement to the threshold level will give a dcorease in the
stability range but since the step displacement used in the test (300 £¢)
was very much greater than any likely beam motion that will ocowr in
rractice the results of Figure 35 should not be optimistioc.

g
+
«

The gencral indications are that if the threshold level (X) is in
excess of 100%/sec? nnd the lateral acceleration limits (L) are of the
order of 5 to 2Cg then fecdback gains of the »arder of K = 0.1 gec? may be
used without rendering the system unstable,

4.45* The jitter resvonge of the test beam rider with threshold feed-
ack © ar acccleration & ateral acceleration ]
A major disturbing influencc on the performance of any beam riding
system is the jitter component of the guidance information, The general

properties of and a method of simulating this jitter 5‘0{ jx typiral radar
system (the 901 radar set) have been given e1sewhere(2),(3 .

The aame method of aimulation has been applied in this case under
similar conditions to determine the effects of threshold feedback of
angular acceleration on a system subjected to Jjitter signals, The test
missile ia operating at high altitude, If the range from radar set to
target is assumed to be of the order of 30,000 yds then the jitter, as
defined in Ref,2, is approximately scaled at 60 ft r.m.s. beam motion.

Pgure 37 (a) gives a typical set of jitter results showing the
responses of the test missile to a jJittering beam when 40g lateral
acceleration limits are in operation but there is no angular aoceleration

.
i
i
i

feedback,
i Pigure 37 (b) shows the same gyatem but with threshold feedback of
! ? angular acceleration (K = 0,042 sec?, M = 600%/sec?),

Comparison of thesc dingrams shows that the addition of the thres-
hold feedback of angular ncceleration produces a limiting notion on the
angular acceleration (¥) and on the control surface incidence (Bp). In
addition to this limiting action there is a filtering sotion on the high
frequenocy components of the control surface motion but the consequent
smoothing of the missile response is small as is shown by the lateral
aoceleration reocords nnd the lateral displacement of the missile is virtu-
ally unaffeoted by the feedback,
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As 1 result of the loss of dnmping in the wenthercock=like mode of
motion when the angul~r scceloration fredback aomes into operation (see
Section 4.32) the 1ateral nocelerantion limiting is slightly less effec-
tive and ncceleration overshoots of the order of a few percent beyond the
desired 1limit occur,

A considerable number cf such jitter runs have been made on the
simulator under diff.orent cenditions of the threshold feedbneok of angular
acceleration, In all cascs the lateral displacement of the missile was
affected only to n negligible oxtent and in effect the only penalty pnid
for limiting the contrcl surfacc lift in this wqy is 2 slight overshooting
beyond the lateral nccelcration limits which starts to appear when the
control surface incidince is limitcd to lrss thn two degrees,

L.46* The offect of thrrshold feedbick of anpular noceleration on
the nceour-cy of attack of 1 buam rider

It is important thnt the influrnce of the prorosed method of limit-
ing the control surfnece 1lift on thr ~ccuracy of att~ck of = beam rider be
determined,

A previous rcvport(” hnas stuii«d the nccurncy of attack of « beam
rider of the type used s th. tost ¢ se hore. The most stringent cases
trented were attacks on ec lorating torgets at extreme ronge and in the
presence of rodar beam jittcr nd later-l ccneler:tion limits. A number
of the test runs of this rrivious r-rort h:v. been rereated with threshold
foedback of angular nec-lerniion in oarcration in order to dctermine the
influenc: of this fecdbt~ck on the miss distances,

A set of 150 records of missile disrlacement a(;k’)' lateral accelera-
tion (h.), control surface incidence (3.) and angular’acceleration (¥)
obtained fer the following set of jarameters:-

Lateral acceleration limit (L) = 10g. This ncceleration 1imit was
imposed bty a simplcs diode limiter, Tne comtined use of feedtack limiting
for both lateral ncceleration and angular acceleration is considered in
a later section.

Target acorleraticns = 0, %3y, #6g
Angular acceleration feedback gnin (K) = 0,021, 0,042, 0,209 sec?
Angular aoceleration threshold () = 300, 600, oo /sec?

. The general conclusion dravn from these reccords are that the angular
acceleration feedbacks have negligible effeot (for this range of para-
meters) on the mean miss distance and on the R.M.S, scatter about this
mean, Apart from very occasional peaks of lateral acceleration which over-
shoot the 10g limits ty about 20% during attacks on the 6g targets the
acoelceration remained ronsonably bounded at $10g,

Calculation of the acceleration lag of the complete system shows it
to be independent of K and since the miss distance on an aocelerating
target is mainly influenced by the "effective acceleration lag" (defined
as the acceleration lag plus the lag introduced by non-linear effects
such as rectification of noise by the lateral acceleration limiting system)
it is to be expeoted that K would, even in the presence of non-linearities,
have little influence on the miss distance,

The penk values of the angular acceleration occurring in each of the
test runs were obtained and are as plotted in Pigure 38, These results

are in good ngreement with the theoretical peank values given by
equation (79).
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- L.47 The effects of time lags

It is important that some estimate be formed of the quality of the
angular acoelercmeter required for control surface 1lift limiting, Non-
¢ linearity in the instrument is not important as we are oritically interes-
ted in only one value (that cerresponding to the threshold level) but the
effects of time lags in the instrument are very important as is shown by
the frllowing discussion,

Consider the closed loop system of Figure 39(a) which shows a
missile, a control surface servo with time lag Ty seconds and an angular
accelerometer feedback loop with time lag T, seconds, For this system
we have

b
‘2
Y
X
%
¥

JZatE
TAep Ty

s

s

>
. ST (82) :
éf‘__1+pT,1pw' :

P2y

f‘a(p); ) cf, eqns, (16) and (2)

which leads to the transfer f\jx}ction

2y (1+p 1) r,(p)
;d CEES l:)(ﬁ-p Tx)-K fazps

(83) .

If the value of V at time t = C+ is defined as ;o then the above expression
enatles ¥, to be determined in response to a ster input of &y fer various
comtinations of K, T, and Ty.

If K= Ty = T, = 0 (i,e, direct missile response), ¥, = n, % and this ‘
value is also the peak value of ¥ in response to the step input of ‘d‘ N

- 1
IfK*0, T, =Ty =0, then ¥, = T—g— « & and the immediate and peak
velue of ¥ is attenunted by a facter (1 ~Kny) ns described in Section 4.31.

IfFK#$0, T, #0, Ty = O then ¥, ='n, %, that is there is no attenuating
action on the immediate and peak vgl&e of V. . o ;

From these cases it is clear that an instrument lag (T,) in the 5
absence of a control surface actuator lag (Tx) renders the limiting system
* ineffective for the immediate and peak response of ¥toa step in &;.

IfhoweverTx#Othen; = 0 and .'.o is not the peak value of ¥ in 4
response to the step input of &;.

Figure 39(b) indicates the nature of the response in ¥ to the step

in %4

_An estimate of the combined effects of T, and Ty may be_obtained f
if the a¢rodynemic response of the missile is simplified to pzf = ny 1
This gives the high frequency response of the misaile only.
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The system is now such that

& (4= &) (1 =<7 ™) (&)

and

Z;f‘ = - KIZ Z;d (1 —ﬂ-t/Ta) i (85)

giving

(1 —e-t/Tx)
1 -an’ (1 —9:-t/Tx)(1 - e-t/Tﬁ)

4
== (86)
z’d

Ir 2;/Zd shows an nrprrecintle overshoot beyond its final steady
state value this will be indicative of un avershoot teyend the desired
limit on the ¥ resyonse ottained when the full aerodynamics are considered.

Consider an expression of the form

1 —e-t/TX
y= -
1+ (1-¢ PY/Tx)

(87

This w41l give an overshoot beyond its final steady state value
/16N or '

1 - Tx A
14N (1-a"PYTx) 14

is satisfied by a finite value of ¢,
This relationship rhay be vritten as

1)¥/Tx A . .
Le=1) = oty

1.4
and this is satisflied by a finite value of t if p < 1 so that overshooting
oan only occur if p <1,
Figure 40 gives y as a function of t/'1'x for various values of A and p,

The expression for &/ may be approximated by the expression y where
puel1ifT <Tyandp <1 T”>Tf and A = ~Kny , Appreciable over-

shooting wfll only ocour therefore if T, » T,.
- 60 =
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Thus as a first estimate of the effcots of the time oconstants on
the ocontrol surface 1lift limiting process it is to be expeoted that the
system will in fact limit the oontrol surface 1ift unless T, is comparable
with or greater than T,. This has been verified on the simulator, With
a 50 millisec lag in the oontrol surface servo the limiting process func-
tions correcotly for angular socelerometer time lags up to 10 millisecs
but for angular accelerometer time lngs of 20 milliseos or more the limit-
ing process beocomes rapidly ineffective,

This time lag restriction is yrobably the severest restriction in
the apprlication of the limiting method, It may be necessary to deliberately
lag the input oommands if the instrument lag is comparable with the control
surface servo lag, )

4.5 Control surface 1ift limiting with non-neutrally stabtle body-wing

combinations

‘We ‘have now to study the operation of the control surface 1ift limit-
ing system under non-ideal oconditions, such that the basic assumption of
a neutrally stable btody-wing combinntion may not te valid, with a view to
determining what departures from ideal conditions are tolerable,

As discussed in Section 2.7 departures from the neutral stability
(or design) condition are most likely to arise from centre of gravity shifts
due to fuel consumption and for the purpese of the present investigation
we can regard centre of gravity shifts as resulting in changes in Ny with
no corresronding changes in N; . If the centre of gravity shift is H ft
then the new value of Ny, denoted by N, is given by

Ny =N - Y H . cf. eqn, (20)

The effects of chm;ges in H on the weathercook frequency and damping,
the aerodynamic stiffness and the steady state control surface lif'ts have
been discussed in Seotion 2,7.

We now proceed to study the rroposed method of obtaining oontrol
surface 1ift limitation by threshold fecdback of angular aoceleration for
a range of possitle values of H, i.e, for a certain range of departure
from the neutral stability conditinn,

There are really two cases to consider correspending to major
differences in the method of limiting the lateral acceleration of the
missile. Case A considers the control surface 1ift limiting method as it
is avplied to a mizsile in which the oontrol surface -demand signals are
limited tc a constant level and as a consequence the limiting aoceleration
is a funotion of h and other aerodynamic parameters. Case B oonsiders
the control swrface 1ift limiting method as it is applied to a missile in
which the lateral acceleration is limited to a fixed value independently
of the value of H and other aerodynamic parameters as for example by the
use of the monitored diode system of limiting desoribed earlier,

Cage A

Consider the test missile with a nominal %10g lateral aoceleration
1imit, The control surface demand signal limit is determined from the
design condtion corresponding to H = O, . Table III shows the aerodynamio
stiffness for H = O to be -1,21g/degree so that for #10g limits the control

.surface demand signal has to be limited to 8,25 degrees. (When H deviates

from gero Table III indicates how the limiting aoceleration veries with H,
being 5.8g for H = +9 inches and 21g for H = =9 inches, ).
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The most stringent test we can apply to the control surface lift
limiting system is to initiate a demand signal such that the control
suwface moves rapidly from one stop to the other (a step of 16,5 degrees).
A oonvenient way of discusaing the various oonditions under which. the
stop~to-stop motion may be applied is to oonsider the control surface as
moving in square wave fashion from stop-to~stop. Figure 41 shows the
nature (as indicated by the simulator) of the oontrol surface incidences
developed in response to such a control surface motion., Each step in
oontrol swrface angle produoes an immediate change of 16,5 degrees in
the control surface incidence and then, as the missile responds to the
control surface 1lift developed the oontrol surface incidence changes
until the new stcady state oondition is obtained, If the body-wing
oombination is neutrally stable then H = O, Case (b) of Figure 41, and the
steady state control surface incidence is always zero so that the control
swface incidences in response to the step motions consist of a series of
"impulsive-like" responses - an instantanecus change of *16.5 degrees
followed by a decay to zero (assuming the weathercock motion te be critic-
ally damped.). If H # 0, Cases (a) and (o) of Figure 41, then the steady
state oontrol surfacc incidences is not zero, being positive or negative,
for a positive contrcl surface angle, aocording to whether H is > O or
< 0, i,e, aocording to whether th~ body-wing oomtination has pnsitive or
negative stability.

Let the value of the control surface incidence (B.) at the instant
immediately following a control surface angle step be ﬁ!'.. In Cases (a)
and (b) of Figurc L1 B} is the peak value of 3., In Case (o) the peak
value of A. is either AL or th: steady state value of B, according to
whichever is the grenter of these two,

If the missile is originnlly flying straight and level when the
control surface motion is commenced and the frequency of the square wave
motion is high, so that the missile as a vhole camnet respond to the
oontrol surfoce motion, then 8. = £ and in particular the peak value of
B = peak vilue of & = 8,25 dzgrecs,

RPeference to th: dingrams of Figure 41 shows that in general
{8l = | [value By hna attaincd from past motion| 16,59 (88)
where the +'C sign is tsken if ¥ < 0 and the -V© sign if H > O,

If the frequenocy of the square-wav~ motion of the control surfaoe
is slow enough the control surface incidence reeches a steady state after
each step of the square wave, Under these conditions equation (88)
beoomes

|B!'. | = I ISteady state value of B,. corregponding to 8.25° oontrol syrface
deflection| * 16, 5°1 89)

whers the +V¢ sign is taken if H < 0 and the -V© sign i€ H > O,

We denote the magnitude of the control surface square wave motion
by ¢ 4, (= £8,25° for the test missile, ).

Figure 42 shows as functions of H the steady state values of control
surface incidence for £ = £ 4. (Curves (a) and (ay)). Also shown in
this figure are the peak values of control surface incidence inocurred in
moving from one of these steady states to the other (Curves (b) and (b4)).
The peak value cwrves are displaced by 2%; units from the corresponding
steady state curves, For example Af H < O and the missile is in the
steady condition for which 8 = A, then when the oontrol surface moves to
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the other stop, a step of 2% units, B. inocreases to the value B, and
then tends to the steady state value A,y. The same argument applies

for H=0or H >0, the pointa A, By A,4 simply moving to new positions
on their respoctive ocurves (a), ?b) and (ay). Considered as functions of
time the motions A, to BS, to Agq generate the ourves given in Figure 41
as Cascs (a), (b) and (¢ for H <0, = 0, >0,

All that oan be achieved in the way of limiting the control surface
incidence by the feedback process deseribed carlier is a limitation of the
"impulsive-1ike" part of the control surface incidence response. That is,
all that can be achieved is a reduction in the spacing between curves
(2) and (b) and between (ay) and (by) or in words in attenuation of the
"immediate response"” of the control surface to input demand signals,
Complete surpression of the "impulsive-1ike" part of the response would
merge curve (a) with ourve (b) and (ay) with (b1).

Since the curves are gymmetrical about the H-axis the numerical
values of the peak values of control surface incidence are given by the
loci of the points By and A,y assuming the control surface incidence to
be vositive and taking the peak value as being given by the locus of By if
By > A 4 or the locus of Ayy if By < A,y. Interpreted in this way the
the curves CpDy and DyE.q of Figure 42 define the peak values of control
surface incidence as functions of H.

Limitation of the ™mpulsive-like" part of the response makes curve
(b) tend to curve (a) (see Figure 41). For various degrees of limiting
a family of curves CD exist;

Such a family of curves is shown in Figure 4L3{(a), Depending on
the degrec of limiting the curves CD and DE or C4Dy and D4E or CyD; and
Dot define the peak value of the control surface incidence. This diagram
enables that departure from ncutral stability of the body-wing combina-
tion which renders the limiting system ineffective to be determined,
Clearly if the limitation of the "impulsive-like" part of the ﬁr-response

" is only just adequate under the design ccnditions of neutral body-wing

stability thon it will te inadequate for values of H < O since the CD,
CqD4, CoDp ... family of curves give increasing peak values of 8, for H
increasing negatively, If H increases positively then the limitation of
Br will be adequate until the point Dy, Dy, D3 ... is reached, Thus if
the system is to give adequate limitation over a range of H the limiting
has to be more than adequate under the design conditions, Suppose the
"impulsive~1ike" part of B, to be reduced by feedback to P giving the
sk locus c"“@h D{f of Figure 43(b), If the tolerable peek 8, is P

f;1 > P) then the tolerable variations in H are given by

H‘; <H < Hy (90)

where and are the values of H for which the ordinates on cpnp and
DpE ar’:cequalﬂgo |

Figure L4 shows for the test misaile the dimensional diagram corres-
ponding to the general diagram of Figure 4,3(b). This diagram indicates
that large positive values of H are tolerable, For example if the "impul-
sive~like" part of the B, response is redwed from *16.5 degrees to *2
degrees (very tight limiiing) then the positive H limit, namely Hp, is
6 inches, For a limitation to ¥, degrees, Hp is greater than 12 es,
A more severe limlitation exists for the negative range of H, Table XVI
indicates how, for a maximum tolerable B, of 210 degrees, the negative H
limit, namely H,, varies with the attenuation applied to the "impulsive~

like" part of the B, response,
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TABLE XVI
H inches 0 -3 -h ) -12

1ike" part of B, responsc 0.61 | 0,52 0.39 0.21 0

i'
|

Attenuation ratio of "impulsive- 1 ’
‘ H

Case B

Consider the test missile with a lateral asoceleration limit of *10g
which functions independently of the value of H, We may for present pur-
roscs imngine this as buing nchieved by limits on the control surface
demand signnl which vary in the arpropriate manner ns H varivs so that
the limiting ncceleration is :dwnys 210g,

Table XVII indiontes how, for the test missile, the limits on the
control surface dumand signal weuld hove to vary with H in order to
maintain nn necelerstion likmit of ¥ 0p for 11 volues of H, Also shown
arc the steady state values of rontrol surfncc incidence corresponding
to 10g l-teral nceeloratien,

TallE XVI

4 (inchcs) +G oAl | 43 ! i -3 | =4 -9

Limits on control surface '
demand signd (Degre s 14,3 112,2 |10,0 18,25 | 6,67 }5.20 |3,92

|
Steady stntc control ;
surface incidrnece i
!
l

corrcsponding to lnteral L.512.59 |1,3R 10,825 | =4,09 {-2,12 | -3,08
acceleration of 10g

(degrecs)

Assumption of the values given in the above tabler docs not quite
fit in with the laternal acceleration limiting system desoribed earlicr
(in Section 3.5) as giving *10g irrespcotive of the value of H since in
this system the control surface demnnd signal is only so limited when
the accelerntion is at or near #10g and may be greater than the value
given in the nabove table when the acceleration is less than the limiting
value, There are however further stops imposed on the control surface
motion due to thc limited oontrol surface traverse. If we denote the
moximum control surfoce traverse anglc by © and the limiting angle for
10g by ¢ then the pcak value of control surface incidence is given by

A ]

|Peak B,| = ||Steady state value of B, corresponding to 10g| + | 6+ ¢1]
(91) .
where thc +V€ sign 1s uscd if H < O and the ='° sign is used if H > O,

Now © is such that © » $nx Where is the largest value of ¢
to be expcoted, i.e, the ¢ corresponding the largest positive value ,
of H to be expeoted. Suppose we put 0 = ¢y then
|Peak ﬁr‘ = l lStea.dy state value of 8, corresponding to 10g| t|o« ¢max”
(92)
- & -
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For the test missile we nssume the lnrgest yositive value of H to
be +6 inches. giving $,., = 12,2 degrees from Table III, Equation (92)
then gives, for example, using the dnta of Table XVII,

H = +3 inches | Penk Brl = | 1,38 - (10+12,2)| = 20,82 degrees (93)
H = ~3 inches | Penk arl = | 1,09 + (6.67 +12,2) | = 19,95 degrees (%)

Figure 45 shows, for the test missile, how the penk control surface
incidence, onlculnted ns above, varies ns n function of H for various
degrees of limiting of the "impulsive-like" part of the B, response (i.e.
attenuntion of the ¢ + ¢ terms in equation (92).

Comparison of Figurecs L4 -nd 45 for the Cases (A) and (B) shows
that in Cnse (B) the tolernble range in H is more evenly distributed about
H =0, The differenoes between the two enscs is unlikely to te important
as far as the ocontrol surfrce 1ift limiting is concerned since over the
range =93" < H < 49" the difference betveen the two oases is smnll and it
is considered unlikely that H will vary ty more than this amount,

b A R e L 2

L,6 Conclusions on control surface 11t limiting

I

For ~ missile of conv.ntion<d design with a neutrally stable body-
ving corbinnticn th' r-cults of Scctions 4.1 to L.4 indicate that the -
proposed method of lirmiting the pr-k control surfrce 1ifts can be succcss-
fully arplicd provided cortain instrumentqtion difficulties ean te over-
come, -

The majer difficulty in arplying the method would seem to lie in
the development of an angular accelerometer whose time constant is less
than the tim: constant of the control surface servo-mechanism, If a
sufficliently fast angnlar accelerory ter cannot be developed then for the
methed to arrly the control surf:ce s.rvo time constant would have to be
incrensed with rossitle comrlications in the overall control problem,

Neglecting the aceslerometor time constant then the results
indicate that, for thc trst missile assumed and for the associated test
beam rider, the pcnk control surface 1ifts can be reduced to at least one-
third of their present values without an apprecialle loss in general
performance of the miseile,

The depnrture from the neutral stability condition which can be :
tolerated tefore the method brenks down has bteen evaluated in terms of s
the range of contre—of-gravity positions (i.e. static mergins) over which }
limiting enn be successfully applied. This range is such that it should
adequately cover stntic margin changes due to fuel comsumption, For
examrle static margin ch-.nges of %9 inches are tolerable in the test
missile,

In the Appendices to thc report the fast that oontrol surface limit-
ing oan be applied is used to indicate how a more efficient control
surface system may be designed,

5 Combined Total Lift and Control Surface Lift Limiting

In Section 3 n method of limiting the total 1ift on the missile
and in Section 4 a method of limiting the control surfrce 1ift have been
discussed, There now remains the problem of combining the two limiting
processes in the same missile,

R e ST T IC SR SO Y
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5.1 Application to the test miseile

We consider first the tost missile with a total 1ift limit of *10g
imrosed by the monitored diode system of 1limiting and observe the perfor-
mance of the missile as the oontrel surface lift is more and more strin-
gently limited, This problem has been studied on the simulator in terms
of the responscs of the missile to step demands for oontrol surface deflec-
tions, Thc conditions of the tvats were such that thc angular acceleration
threshold level (M) wag 300%/sce® and the feedback gain (K) was increased
from zero to 0.418 sco®, . Two input demand signals for control surface
deflcotions were used, the first a step demand for 10° defleotion and the
seoond a step demand for 20° deflcotion. With increasing fecdback gain
(K) the "impulsive-1like" control surface incidence is thercfore progress-
ively reduced from 10° to 1.5° for the 10° input step and from 20° to
1.5° for the 20° input step,

Plgurc 46 shows the responses of the test missile when the input
step demand is for 10°, As K is inoreascd the peak ocontrol surfacc lift
is limited ac deseribed in Scotion 4.4 and this is indicated on e 46
by the reduction in the penk values of the nngular acceleration (¥) and by
the rceduwtion in the y);-kick on the lateral noceleration (h ) records.
However, as K increases, overshooting beyend the desired limits occurs to
an increasing oxtent in both the total ncceleration (h ) and wing incidence
(B;,) rcsponses, This overshooting is to be cxpected since the rapid
corrective action called for in proventing any overshooting beyond thesc
limits is hindercd by the now reduced control surface 1ift available,
The severity of this overshootin, is inercvased ~3 the initial demand for
control surface deflection is increascd as is shown in Figure 47 which
corresponds to Figure 46 cxcept that the demands are for 20° pather than
for 10° of control surface deflection. In cffect, given the tolerable
overshoot beyond the steady state limiting total 1ift, then the minimum
control surfrce 1lift ncccssary is defincd nnd it may not be more stringently
limited without excecding the toclerable total 1ift overshoot,

FMgure 48, which is derived from Figures 46 and 47 shows the
rercentage overshoot in wing 1lift for several oombinations of possitle
control surface demand signals and control surface lift limiting parameters
If the feedback gain (K) is large enough, say K » 0,418, then the system
is relatively insensitive to the value of K and Figure 48 shows that:-

(a) If the threshold lecvel is 300°%/sec? then for a 10° step demand the
percentage overshoot in wing 1ift is 7% while for a 20° step dcmand
the percentage overshoot in wing 1ift is 18%.

(b) If the threshold level is 600°/sec? then for a 20° step demand the
percentage overshoot in wing 1ift is %%,

A very rough gulde as to the percentage overshoot is given by

Percentage overshoot =

a (zw),muuﬂe of step demand for control surface deflection in degrees
Threshold level in degrees/sec? (%5)
95

5.2* Application to the test beam rider

Figures 49 and 50 show the responses of interest during a recovery
from a step displacement of the radar beam of the test beam rider with #10g
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aoceleration limits and with various degrees of oontrol surface lift
limiting,

The overshoots in 1ift slow up as in the previocus section although
it will be noted that these are only large for very large beam displace-
ments of thc order of 500 ft or more and this is a more stringent oondi-
tion than any which is likely to ocour in the flight of a beam riding
nissile, Thus the proposed limiting methods should be directly applic-
able to the test beam rider for latiral acceleration limite of the order
of *10g and control surfacc incidence limits of the nrder of 15 degrees,

6 General Conclusions

Some detailed conclusions have already been given on total 1ift
lixg.iting in Section 3.7 and on control surface 1ift limiting in Scction
250 . ’ .

Thc broad conclusions are that for a missile whosc design conforms
to the design criterion given in the Report ot(' he R,A.E. Projeet Group
on Mediur Range Anti-idroraft Gudded Missiles(1) then:-

(a}  The output of n lateral accelerometer may be fedback to the
control surface systom and used in various ways to limit the total 1ift
on the missile. A mathod of limiting in which the olipping level of
clirping dicdes on the invut guidance signals are monitored by feedback
from an accelerometer, suitably situnted shead of the contre of gravity
of the missil., has bern shown to have-advantages over all the other
systems conecidered,

(b)  Curtailm:nt of th re~k control surface 1ifts is possitle
without a marked d~terioraticn in missile performance, This may be
achieved by suitsbile feedbick from an mngular accelerometer. The rroposed
method may only bte arriied rroviding that any departure of the body-wing
comtinntion from neutrnl stability is sm~ll, This condition will in
grneral te satisfied, The major difficulty foreseen at the moment lies
in redweing an nngulnr acceleremeter whese time constant is less than
the time constant of th. ocontrol swface cervo-mechanism with which it
is to L~ associntcd.

The Appendicrs to the report indicate how limitation of the peak
control surf~ce 1ift may b used to advantage in the design of the
control surfnec system,

{¢) Tot'Qd 1ift -nd control surface 1lift limiting of the above
types cn be simultaneously applicd to a missile although the relative
degrees of limiting ~ttainnble are intcr—-dependent,
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AFPENDIX I

Calculation of the Acceleration Response of a Missile when
the Control Surface Incidence is Limited

by

3

Lt. Cdr, (E). D.C. Satow, R.N., A.M.I.Mech.E,

o T o st

1 If the control surfnce incidence nf a missile is limited, by a
method of the type described in Scotion 4.4 or otherwlse, then its
response in lateral acceleration to input demands is a non-linear func-
tion of these input demands. This arpendix gives a method of calculating
the non-linenr resrens~, The method is used in Appendix II where the
acceleration responscs of various missil: s ineorporating control surface
incidence limiting are ocompared.

2 It is assumed that the tnsic wwrodynamic equations are as in
Scetion 2,1 cguations (1) rni Scctinn 2.4 - juation (19), namely

h =5 v+ YprT * ¥pe

S :
. £
Fo=n.Ven,re n;.é |
.. , (1)
h =v + Ur '
o
and 3.=2="/u (1= %)

For the purpos: of modifying the weathercock frequenoy and damping,
feedback to the control surface (Z) of lateral acceleration (h,) and .
rate of yaw (r) ar~ nssumed, Th- control equation is thus that given
in Section 2,9 equation (24), namely *

3
Y
-3
-
3
s

2;=§c+l;r+fﬁp (11)

where b and  are constants,

The following ®elationshipe are derived from equations (1) and (ii)

D2+ xﬁ D+Ev£
T h 44 44
} ™=y (111)
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) D2+D(—y bng-—fx&_) + (Un, +x,_ =bx_p =fUx )

B D2+nr-y -n - (1--5)—] Ung + Xy (‘“‘5' ‘"’“«’»)]

5 X Ux
H pP4 =X D-'---—"'§
E=y, . Yy Y%
% : (1-fy,) P+D (~y. =n_-bn, -fx, )+ (Un +x_ =bx , =-fUx )
4 v r 4 Zr Nt Xy vg vg
Ir 02(1—ry,)+n(-- ~n_=bn,-fx, )e (Un +x_ =bx ~fUx )
is wvritten s B .
-fy.) 2
(1 £y, (D42 y@ Dew )
then
wf"
“/2% 43 the modified weathercock frequency
and u, is the modified weathercock damping ratic,
For the varicus missiles to be considered in Appendix II it is
agsumed that the feedback constants b and f are chosen to give
u =1 and @ = 10 rads/sec, (vi)

If

DZ+D[-yv—nr-(1-§as> %§:I+ [ U%u"-(%'gf) (:é‘-nz):l

is written as

D2+257D+Y2

then

= U“v *x, - (1-%)(%-:2)

-70 -

SECRET

(v)

1 s e e

— r—
¥

.



i

e P o ——

SECRET

Report No, G,W.15 .

and

e (8) F

Tor the various missiles to be considered in Appendix II, § is
approximately equal to unity and

$na (vit)

is assumed in all the following work.

If in addition to these reformulations of the quadratic expressions
we put

£l1 = x;!’/y4 -
(viti)
then equntions (1ii) to (viii) give
h D2 + a, D +b1 ( )
= . ix
L (D+v)? :
Z, ( ) $1] +wm)2 )
2 = (1 =fy,), —————
> " (D+ ¥)? L&
h D2+ a1 D +b1
i =% . — (=)
(D+ wm)

Equations (ix) to (xi) form the basis of the calculation of the missile
response,

3 We oonsider the response of the mlssile to a step imput demand
sufficiently large to cause an initial limitation of the control surface
incidence. The complete aoceleration response consists of two parts:
the first part is the response to a constant ocontrol surface incidence,
i,e, the value to which the oontrol swrface incidence is limited; the
second part is the response to the oconstant control surface demand &;.
The constant control surface incidence may be regarded mathematically
as the results of an input demand & which varies with time in such a
way as that the control surface incidence is constant. The change over )
between the two parts oocurs at the time at which this input demand 1
signal reaches the value ;.

- -

SECRET



SECRET

Report No, G.W,15

-4 (a) The first part of the noceleration response,

p—

From equation (ix) we have

Df?+a1 D4~b1

5o
B

(D+ ¥)?
The Larlace Transform of this relationship gives

(p+¥)? B* =y, 1P+, peny) B

r

‘' +h e 2
+' By pﬁ(I‘ Y)

- ¥y [Bro * Pro (p+a,)]

where the suffixes o indicqte the initial values and the stars dencte the
Laplace transform of the juantity so latelled,

Let the value to which the control surface incidence Br is limited
te P; as this is arrlied us n ster input,

Bt = ¥/p ' T

fpo = P

0
)'; P

o

Po =0

so that o
P ¥ +2*{p+b1

P (pey)?

The inverse transformation of this gives the solution
b, r
A0-(-2 -1t
Yxp =y, P = !: ) (1+ vt) e (xi1)

(s which is the first part of the aocceleration response,

(b) The instant of change over from the first to the second part of
response,

The demand signal % requ.ired to give the constant oontrol surface
incidence P is less than the actual demand signal Zg.
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From equation (x) we have writing lt',' for ;G

4 (D+ wy)?

The solution of this for a step input P of control surface incidence is
similar to (xii); thus

Z = (1-ryy) PE’“;E- (1-f5> (1+ 9, t) e-w:l

The change over between the two parts of the response ocours at
time t, when Zé = {b thus t, is given by

%, = (1= 1yy) Pt’—*‘;—&-Q--ﬁ%) (1-1t,) ef1]

s

or

(1*7‘71 e r1_—-. . —————]/ (x114)

w,,? 1= fy;

(c) The second part of the soceleration response,
From equation (xi) we have .

h Ty D2+a De+b

1
TN o

The Laplace Transform of this relationship gives
2p T2 (2 .
(p+ wm) Kp =T v (p va, P +b) %

+ [ﬁ;‘ + i‘lp" (pr 2 “’m)]
Y
ey AL MICITR)
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4 where the suffixes 1 indicate the boundary values at the commencement of
the second part of the response, .

{
!

We have for a constant control surface demand ZG

CG."%/P
o T &
g.G1==O

The boundary values h 4 and l:l“1 are obtained by substituting the
value of t, given by (xi1i) into (xii) and its derivative: thus

e i s B B

b
hp1 =¥y P ;-?2-[1- <1- -E-) (1 +~(t1) e“m_' (xiv) é
H
.
L) 4 r‘( ﬁ) . —ﬁ ] )
bl o=y P H-L) 2 ¢ oh (xv) :
1 (4 Y2 A b1 1 3
Hence
2 (b %) . vor
. . P +2wp p+ 01X 1= f h
h® = h 1 s / ( yz) }‘i“ + 21 2
PP p (p+uy)? (p+ wp)

whioh on inverse transformation gives

B N T

b 1~ 2R
f o= .J_YA.;_G._ 1'-1" {1 - ( fyg) % D1} (1’%")0-%‘J + ﬁ;1 ce=m' (zvi)

P(1-tyy) 42 b Y %

01 17 s 1.

where T = ¢t + t1.

If thg steady state ﬂp oorresponding to the steady state %; is f
denoted by hG then

% (xvid) )

G (1_fyz) wm2

and (xvi) may be written as
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'* (13 ﬁ e
. ‘. h h ("1
: = - - -ﬁ- + -%" - n
A ' f—; 1 <1 %)(1 W, 7) e +ﬁ%1e (xviit)

and this is the second part of the response,

1N The response of the missile in acceleration to a step input demand

sufficiently large to cause an initial limitation of the control
surface incidence is thus given by equations (xii), (xiii) (xiv), (xv)
and (xvi). These equations are used in Appendix II to obtain suoh

acceleration responses,

-
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A New Design Criterion for Control Surface Size
. by N
Lt, Car,(E). D.G. Satow, R.N., A.M.I.Mech.E,

1 It has been demonstrated in this report that the oontrol surface
incidence or 1ift may be limited quite severely without introducing any
significant deterioration in the lateral acoeleration response of the
missile,. The control surface size of the "test missile" used in the -
report, in common with many actual missile designs, has been based on a
design coriterion given in the Report of thz ?.A.E. Project Group on
Medium Range Anti-Airoraft Guided Missiles 1), The fact that control
surface 1ift limiting can be applied without deterioration in the response
of the missile suggests that it may be possible to reduse the control
surface size telow that derived from the above oriterion., Although this i
appendix is only a superficial examination of this issue it indicates :
that a reduction dn ccntrol surface size is possible provided some method
y of control surface incidence or 1ift limiting is used,

T S

2 A number of different missile designs are oonsidered, these having

: different sizes of control surfaces and varying degrees of control surface
1ift limiting. For each design the acceleration response to a step input
demand has been computed, using the method developed in Appendix I, and
the results compared,

We consider as a "datum decsign” the test missile of the main report
i.e.a missile designed on the basis of the R.A.E, Project Group design
critericn., Briefly this criterion is such that the body-wing oombination
is neutrally stable, Y, is decided by the maximum lateral aocceleration
required and the maximum wing incidence allowable, N, is dccided by the
desired weathercock frequency and Ny is determined from Ny.

e s

One possible approach to a new design is to use the "datum design”
as a basis but then reduce the control surface size (i.e, reduce Y;; and
Nz). The reduction in Ny results in a redwtion in Ny. The deorease in
weatheroock frequency associated with this reduwstion in may be offset
by using lateral aocceleration feedback to restore the weathercock frequency
to its original value, As the oontrol surface slze is deoreased in this
way the peak control surface incidence or 1lift, for a given step demand
for lateral acceleration say, increases but if this inoidence or lift is

. limited (by the method of the main report or otherwise) then the peak

ocontrol swface incidence or 1lift may be kept within desired limits.

S TR

Consider now the following alternmative designs for a 15g missile,
Missile Design No,1 The datum desi

This is the test missile of the main report. For 15g lateral
aoceleration the steady state ocontrol surface deflection is 12,5 degrees.

In response to a step demand for 15g the peak control surface incidence
is also 12,5 degrees,
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hilssile Design No.2

In this missile the control surface size is half of that for
Missile Design No.1, i.e. ¥y and Ny are halved. Yr is unaltered so that
the same wing incidence gives the same lateral acceleration but N, is
halved since the body-wing combination remains neutrally stable. The
weathercock frequency is restored to that for Missile Design No.? by
lateral acceleration feedback,

For 15g lateral acceleration the steady atate control surface
deflection is 18.7 degrecs and the peak control surface incidence in
response to a step demand for 15g is 21,3 degrees, The peak incidence
is greater than the steady state deflection aince the lateral acceleration
feedback has no effect on the initial step of control surface motion.

Three cases are considered: the firat with no control surface
incidence limitation; the second with the control surface incidence
limited to thepeak value occurring for Missile Design No.1 i.e. 12,5
degrees; the third with the control surface incidence limited to 6 degrees,

Missile Design No,3

In this missile the control surface size is a quarter of that for
Missile Design No.1, (i.e. Yy, Ny and consequently Ny are reduced in the
ratio 4:1 and then the wecathercock frequency is restored to that for
Missile Design No.1 by lateral acceleration feedback),

For 15g lateral acceleration the steady state control surface
deflection is 32.9 decgrecs amd the peak control surface incidence in
response to a etep demand for 15g is 39.5 degrees.

The case considered here is that in which the peak control surface
incidence is limitcd to the peak value occurring for kiiasile Design No,1
i.,e, 12.5 degrees,

Table A gives the aerodynamic derivatives and certain other data
for the above missiles,
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Missile Design Number
I II IIX
Control surface size relative to
Design I 1 % %
Body-wing stability Neutral Neutral Neutral
U £t sec=! | 1500 1500 1500
% - £t sec™2 800 4L00 *200
ng sec? -200 -100 | =50
Yy £t sec™! -1 -1 -1
n, sec™! Y15 /30 1/60
Ve ft aec'1 ; 2.4 1.4 1.0
n, secs! | - -0.6 -0.45
Teathercock angular frequency (rad/sec): 10 10 10
when modified by acceleration feedback :
N
ierodynamic stiffness (g/degree) when ;' 1,2 0.8 0.456
modified by acceleration feédback 'l'ﬂ ~ |
Steady state control surface u
deflection to give 15g when modified [} 12,5 18,75 32.9
by acceleration feedback (degrees) !

i Meximum unlimited control surface :1 ,
incidence corresponding to 15g 125 P 21.25 39.5
demand . (degrees) {J i !

Key to acceleration in response to a 15g acceleration demand (Fig,51
Control surface incidence unlimited ! Curve (a) | Curve (b)
" " " " to 12.5° Curve (a)| Curve (¢)| Curve (e)
" " " " oo» 6° Curve (d)‘
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Figure 51 shows the acceleration in response to demands for 15g
lateral acceleration for the various missiles, There is little change
in the acceleration response if the control surface size is reduced to
a half or a quarter of that given by the datum design and the peak
control surface incidence is limited to the maximum value occurring in
the datum design, (See Curves (a), (c) and (e)), That is the new
designs give comparable missile responses but with smaller control
surfaces and hence smaller peak control surface loads, f

The limit to what canbe achieved by this new design approach would
seem to be set by considerations of the magnitude of the static margin,
48 the oontrol surfaces are reduced in size so also is the static margin.
For example in Kissile Design No.3 the static margin is only 5 inches
(i.e. 6.7% of the control surface moment arm). As o consequence of the
small static margin variations in the centre of gravity and centre of
pressure positions during flight will be of increasing importance.

It is emphasized that this appendix is only intended to indicate
the possibilities of improving on the "datum design"., 4 very much fuller
study of this problem would be necessary before definite conclusions
could be drawn,
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—— | FIG.3 @ab)

ACCEL.
(i)MOTION CRITICALLY
DAMPED. —TIME

(@) THE FORM OF THE ACCELERATION RESPONSE OF THE MISSILE
TO A STEP MOTION OF THE CONTROL SURFACE SHOWING THE

REVERSE KICK.
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STEADY STATE
\ ACCELERATION PER.
UNIT CONTROL SURFACE
DEMAND SIGNAL.
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4
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FIG. 4. THE STEADY STATE ACCELERATION
OF THE TEST MISSILE AS A FUNCTION
OF THE ACCELERATION FEEDBACK GAIN.
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FIG.6.

ACCELEROMETER OUTPUT

d=2r

R
o D

N

[CRITICAL DISTANCE FOR TEST MiSSILE = - ¥3/ng =48]

N

d-e3’ \/—\

(THESE RESPONSES RELATE TO THE MANOEUVURES OF THE
TEST BEAM RIDER WHEN SUBTECTED TO A STEP DISPLACEMENT
OF THE RADAR BEAM)

FIG.6. COMPARATIVE OUTPUTS FROM
ACCELEROMETERS SITUATED DIFFERENT ’
DISTANCES (d) AHEAD OF THE CENTRE OF

GRAVITY OF THE TEST MISSILE.
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(@) TWIN FEEDBACK SYSTEM.
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§ STEADY STATE WING LIFT
Ws

MONITORED DIODE SYSTEM SET TO GiVE
NOMINAL 109 LIMIT FOR VARIOUS
FEEOBACK GAINS.

3« MEASURE OF ACCELERATION
FEEDBACK GAIN IN RAD. ft”! sec?
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X ] =004
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FI1G.22. STEADY STATE WING LIFT vs.CONTROL
. SURFACE DEMAND SIGNAL FOR THE TEST
* MISSILE WITH THE MONITORED DIODE
LIMITING SYSTEM.
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_ (RECORDS ARE OF WING LIPT us TIME FOR REPORT GW.IS.
THE TEST BEAM RIDER DURING RECOVERIES FI1G.23.

FROM AN INITIAL BEAM RIDING ERROR.)

(ALL FEEDBACKS ARE FROM AN ACCELEROMETER

4FT AHEAD OF THE CENTRE- OF-GRAVITY)

FIG23COMPARATIVE WING LIFT RESPONSES OF
THE TEST BEAM RIDER WITH
VARIOUS LIMITING SYSTEMS.
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FIG.25.

RMS. WING LIFT (W)

@nNo LMiITING.
(b) AcceLERATION CLIPPING, @
(O CONTROL SURFACE

DEMAND LIMITS,
(RESET FOR EACH H)
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(@ THRESHOLD FEEDBACK
OF ACCELERATION. v
() THRESHOLD FEEDBACK
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FIG.25. COMPARISON OF RMS. WING LIFTS FOR
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1 FIG. 48. OVERSHOOT IN WING LIFT WITH
- COMBINED TOTAL LIFT AND CONTROL
SURFACE LIFT LIMITS.



H
k)

Gw/p/4330

Eille 3 ‘ ToN ¥3Aly Wv38 1S31 3IHL Ol 4d317ddv SV o
3 ONILIWIT 1417 30v43NS. TOYLNOD B 1417 VIOl A3NIGWNOD 6¥'Old
g O (601 = SLIWM NOUVA3T3OV 300!0_JIAOLINOW

-0 . 3935400 = QIOHG3¥HL NOLLV¥3IIIOV 3V NONY (eo3s) 2 !l o
o INSN3OVIdSIO WV3E NVaYH 14052 OL ¥30I Wv38 JS3L 40 S3ISNOLS3Y) INIL
81N\ o i TN\ L Ne a2~

7%
-0 0o¢ o
- ﬁ 601 " °
g dy ? &

smizg

0=)

i N\ _ o 21 N\ 3 2 = \__o
ol 910y
60, g
™ dy %
i N\ o 1\ ; 1 N
ol _ 290-0=)
boi o
g dy 4 ¢
i N . 2 N\ g s o AN\ o

n 7|
/c\#.e én o /kT
g b ol & of

"IINIIONT DNIM ‘NOILVIZTIIDIV WVAa3LVY ‘NOILVA3NEIIV ¥V HONY ‘NOILI31430 3WANS T0ULNGD

]

2.93S X NIV XJvB(334 NOILV¥3TIDOV AV NNV



4331.

C€oN 'H34d1y Wv38 1S31 3H1 OL A43iNddVv m<

¥

A
. /J.,.\._; = ¢w:

o

20
0
/NT 29-0eM
S

/%

-;,C

é

NOUVNIT3IOV WALV “NOUVAITIIIV SV WTONY ‘NOILIZEI0 VRIS RIANDD

20

20 ONILINIT 1417 3DV4INS TOHLNOD B 1417 V1Ol G3INIGNOD 0OSOId

%]

T T e e
no._.r \l/ ?%m%:g_o _z<umo ¥ 15005 0L H30 Hvsd

® 9 1\/ [ 0 n w..l\\/c o 3 \/

e B NlV9 NOVeQaaJ Noum'm:m AVINONY



Gw/B/4332.

i
-

REPORT G.W 1.
FIG.SI.

'SNOIS3A FUSSIN INFUISHIQ BO4 SISNODSIY NOUWVYHITIOOVY TVOILLIUOIHL

S04

'$936 3
80 L0 20 S0 20
2-0
saq oMy —— @ i o Y/ i
Jdoroumwry ——— (P3N0 24 I 7/
4 Fa o
SA0LOAMIY  ereeeess (3 3n8Mm N I /[ vo
T @ 38 2 T i
N —  (938m ) (N9IS30, - g
WhivQ
9y NOiLVa313N ) \ 3 .\ 9-0
3oN300NI| WI2UVISE 304 ONVIA0|  NODIS30 WLYD]| H3BWON /7 [
Fovans|  inanidais voil oL anwviaw 3zs] nNois3o \ VA
YOULNOD| 36NOSS3N NOUVEIRDY|  FVuG VuIN0Y|  3TISSIW s
{s0
(=]
%,
~= o
SN



Rzt

i1
<3

SET. CHABLE LBST 4.7 Cad

]
I
g
=
.-

~
%w

are tnsertel In duE aeporte ans Techrical Notus for the

Thoge abstract cur
fence of Livtrariuns ~nd Jthers whe nce

{noan Infortion In.exe

naint

t.

reunent,

n8 15 the purent

f the b

i

uliLt

*

are suble.t o the 8.0 Loturity Roe
«f thefr locat!ln shou

weunent,

curds

(23

Jctach
ani a reeor

Pt 4

nothe 18y ¢

te iz g

N
e

parent

“0°1°d 1one

YL D718 (UL KQ10NTDA OrmIIB(T ATIS i Jo A uadopuy e 13oung
fSTuncG LIYMIN ‘Yo pum SUC T TUPIRIT ML 1Ad0A0 IuTraqo Jo MEIOL

SOTISIY AT I 91T d0UIANG [CateD

YT WL 01 ALSTLITS SRR JunAl ™ 0 AIrssaonou g aspe L1121 cer

DI D100 Jo Al g atos £Q OTE8ST 9y AT TUaol ;g Ay

23 KQUSEoong L1 Jouni 51 41 DUELSHUY 07 100 L Jo A0TSR g oo}
1ITT DAISEIAD (D DAPIONNISIE Jo Juandaosd] oy anoantd o) a0fde uy

SFUSSIH GFIHE N0 T340 04 LT 48100407 40 NOJLUHAR 4 FHL

£1°510°9°€€S
ELY R TRV 144 SMU CULITT puUn Pt ‘3D
1976-129 [ R4
T61G=1G8°¢ 29 YO S B W AN E VRS S IO J R KR TS £ XRN
13030
014 13030

UPORTT 271017 P A3120[2A COL I IATe OIS o AL uspuadnpast uo p3oung
CSPWIYQ UIWALIM CUOTHM TNOFIOT TUTIEETY U EAADAT ALY S G ) SIS TRV T I

SATINTY T YL S SIFPT DL gant | e 2
oY ATIPL T ATATI IS SOUMETIUNADT 1 AQrSUaeny Qo outL £t 0 euo (gLt
(G ¥ ¥ RIS 5 ARFURYORNY IRIRES V5 SR UL 30 R T R SRR S R FORRTORE B S DI £3 YO0 WET S WU LN § SREDY

A2nSorong KIT Jan s 51 18 I S 20 00 L 30 AL IS [ONV UFSEE § & i HE UL FR B £ SEECL NS B Y1
B3I DALSIY XD AL DA IorSE g0 WYL oA AL GUDA I s gt 0]

STUSTUR GIF{E KO SANZ LT SAISTOXR 40 NOTINZATFd WL

£1°610°3°¢¢S

SGLTLEEES MU fUATTY pur g 3Ty
$3T5-179 €5561

T615-16¥ "4 9 CLPNTD N ety T g0 Ay

fictjec .

MM A 1038
ALt 214092 TUn £310079A *OPMIIATT OTISS|U o Apauoruadaryl uoyqoung
COTUNGQ INIIN ‘YD TUM SUATIOE SUTITIIT ST fJJIA0 AATA{e1qe JO STuYIoN

SOTISTIE MIT 39 SATIT DOCIANS [CJQUOD

DY AT o1 AQUTINDS SedUnquUAl T Jc AQUSS0.Lau A rSTL AU 3] *un (Aot

1 A UeS CRnogne jo tda) aes AQ O11SS1 Mg ue 3311 1IN W 1IUiY

VY AR SUInME ATT.IOU00 ST 98 A1YSSIN I BT L0 YT TS 0ul TUTJIE 58040
AT SAISEDOAD do ATR0TIS JO WawdngaaAdr 247 Juoadad L3 JOLJdu ul

CAVICTIH JHGIN0 NO SHIN04 1417 FAISSTOAT 40 NOLINAATMG KL

[ 2547 TRt LE 14
Y Rl Tt 44 "TMTG UOTIY pUT ror f3c
PO Wil €-¢G61
EEI DL 3 i Pt GI°M'O *ON 2J0dOY  *3S] JTADI Y TTACE
Ricitine
ROARAN 13uoas

AVARCD D118 (it £310010A COpRILITE JUISSIW Jo A7IUdpLIdIpu] uciqouny
COTUNGG UIYLIM O TUM SO0 ST NUIPTJIOAC MuITA90 Jo SEuyialy

*OTISSIT 2Yl Jo SJIT dIitgans [odan .

ML I 01 AQaR1 IS SR qurApn 26 ASTSIa0M 2 oSTr Atw 3] eunp3ice

T4y CPITUR QML JO TMAY DWOS AQ ATISSTU MYT uC 2311 TR1Y1 AYL T

3 KT TS0 ALTLIOUYT ST 31 DTISSIW PORINY € g0 14011 oyl fepanp souac g
AP DATSEDORD Ao SATIONJASOE Jo Ul ToANr MYl judaaad 01 Jepun u]

SHUCTIR 33100 NO STOEO4 11T IJAISSIXT 40 HO1LNEARd SHI

1
C1°610°9°6¢6
TR T S 4 "A*Q ‘uarty pur ‘rep f3yer
£°€G6L

261L-168°€29 61°N°D *oN 1a0d8y  *31S3 2JTJIIJIY YrhOM
bk ek
Ll

‘ ¥

TSRS e q.‘ e



R SR

*30d ] DU

U3 ST USITOD DALY 7 npoite pajr s s Arauied a

A1oqva: fow o 03 Drasai dYL U Dudo) 330 e (T pu do

AT Dt gang AT Syl AGaSnia dnbnpiadl v SIAl 0Tt
WIS DG Y gonaddde w o gonhy g popnroes e €1 31

COLITHT T UM M LLS ApQring sama

PVSTI RS S TR TRV RT PR EIV RS UL SIS WPRRPLL } FTTETY o S5 MRS TR S 3
TIOYSIREL S{QIRG LA YLo0r JALS [adiung W ) %1QEad)

Puadd) T RIS ASSQL CPTWIIER XD AL 13 8an Dt P

R Rt o

g

50040} A30]

03 I UUISAT GOALL YT LD 1e §ouivarieo Arangcl ao

ATrn dag 2Q L1 S ISSy WY 3 D010 LI (TA01 WY [(ur doaog

23] DOVRURS 1 JIUND DT AQIIDUM AT BTN, T OSAALY PTG0ad
AT M o yousadde U gotel 3t 1o ntLuog £t 11

SATISEIT M UIYIIM § 0T Na 1S ATQriing s209a7:

—OUD[RIDT BprONE fUT [0 Jo Sarlane g Jo ftrimo o
PIOYSAIYT DTQIIINS - 4 *SIOTLING [0 Y 1 ¥ qQpong o
PUINp STOUIdI DSXIL CFuturxa AJ ot jun pasodoad ar

Mmoo

. S M e ‘wa‘ﬁbﬁi‘.,_‘%la‘

13o33

*S3uIN} SN

N a3 TalT ud1so) uaat? oyl ufylim roujtaasuces Aruiof a5

A7930.n 435 dq Aow DT ISS U OWI U2 9040 2317 TTIN3 2UY3 Fur 9040)

1JIT 927JANnS 10JAN0D YT £QIIYM INDIUYDO] T SIATE Tayqouad
WY oyl 7 yorodddr ur yons eyl fopnroucd St 31l

*ITISSI@ W UIYIIM TIITM IS ATQLIins sudau

~04D[AINT JUTHAUC TUT [TJIITT JO SINdANC dY3 JO ‘:IImaID

[ IOUSHIY] DTQ2TNS LIA ‘SOOTJINS TOJIUOD 3T 03 HOUQrddJ ur
[uada) St waa asayl  Creujmrxa ATreotslas ruv resodoud auc

13¥03s

*S02.10) dSMN
J03 ST UISOP UJDALY dY1 UTYIIM paujtdasuco Atautof Jo
Ar03uaudas aq Ave OT1SSIT AW UO 32403 I1JIT TTI1 ML FUT ddJ0y
1311 0TINS [CJU0D M1 £QOJoyM INbluUYuds € SIATR mBIqoud
ML Y3 03 Yornadde ur wons oyl popntoucd S 31

O ISSIW oY) uiiie pAITNIIS OTqQelIns SWIM

~0JOT 20T JUIRSUT PUS [CANTT JO SINAIN0 YL JO *SIINdAFS
PIOYSAIY] OJQUIINE TIA *SIOTJIINS [OJIUCD 1 01 NICQPIdJ Uo
puadap Spoylow oSOyl *poujwcye ATTroiliuo put pasodoud auc

Io3S



Defense Technical Information Center (DTIC)
8725 John J. Kingman Road, Suit 0944

Fort Belvoir, VA 22060-6218

USA.

AD#: ADO011585
Date of Search: 31 July 2008

Record Summary: AVIA 6/19385
Title: Prevention of excessive lift forces on guided missiles
Availability Open Document, Open Description, Normal Closure before FOI Act: 30 years
Former reference (Department) REPORT GW 15
Held by The National Archives, Kew

This document is now available at the National Archives, Kew, Surrey, United
Kingdom.

DTIC has checked the National Archives Catalogue website
(http://www.nationalarchives.gov.uk) and found the document is available and
releasable to the public.

Access to UK public records is governed by statute, namely the Public
Records Act, 1958, and the Public Records Act, 1967.

The document has been released under the 30 year rule.

(The vast majority of records selected for permanent preservation are made
available to the public when they are 30 years old. This is commonly referred
to as the 30 year rule and was established by the Public Records Act of
1967).

This document may be treated as UNLIMITED.



